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PREFACE 


This book is intended primarily for the operating engineer and 
mechanical engineering student interested in air compressors 
and compressed air. Although many books on thermodynamics 
are available, they are highly theoretical and offer little practical 
help to the man responsible for operating and maintaining air 
compressors or supplying compressed air for industrial use. 
Since industry is becoming more air-minded every day, it is only 
natural that users will want to know the most economical means 
of supplying this air. 

The author has endeavored to present the material in such a 
way that the reader will become familiar with all types of com¬ 
pressors, will know how they operate, and will learn what points 
to consider when called upon to purchase one. 

Installation, operaticm, and maintenance information is pre¬ 
sented in detail, with special emphasis on engineering practices 
that generally are known only to those working in the three 
separate branches. Knowing how to install a machine helps the 
operator determine what causes poor operation; on the other 
hand, the erecting engineer is better fitted to install a compressor 
if he knows what its operating requirements are. Maintenance 
costs can also be reduced if the repair mechanic is able to point 
out to the operator faulty operation that causes damage to the 
machine. 

In compiling this information, the author was benefited con¬ 
siderably by twenty three years of plant experience as well as 
by his present opportunity to review material originally published 
in Power. He is also indebted to the Compressed Air Institute, 
Factory Management and Maintenance, Compressed Air 
Data,^’ and Compressed Air Magazine for material secured from 
these sources. 

The author is indebted to his wife Claire for her help in reading 
proof, to hie associates P, W. Swain, L. N. Rowley, S. A. Tucker, 
and E. J. Tangennan for their helpful suggestions and to Fred 
A« Annett for his encouragement and guidance. Withcait Mr. 
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Annettes inspiring confidence this book undoubtedly would never 
have been written. 

Since this work deals with all types of available compressors, 
the author relied heavily on the generosity of equipment manu¬ 
facturers and wishes to express his appreciation for their whole¬ 
hearted cooperation which made the book possible. Technical 
and descriptive material was freely supplied by the following 
manufacturers: 

Air Maze Corp., Cleveland, Ohio 
Allen Billmyre Corp., Mamaroneck, N.Y. 

Allis-Clialmers Manufacturing Co., Milwaukee, Wis. 

American Air Compressor Corp., North Bergen, N.J, 

American Air Filter Co., Louisville, Ky. 

American Blower Corp., Detroit, Mich. 

The American Brake Shoe & Foundry Co., New York, N.Y. 

American Hammered Piston Ring Div,, Baltimore, Md. 

Andale Co., Philadelphia, Pa. 

Armstrong Machine Works, Three Rivers, Mich. 

Askania Regulator Co., Chicago, Ill. 

Bailey Meter Co., Cleveland, Ohio 
Beach-Russ Co., New York, N.Y. 

Burgess Battery Co., Chicago, Ill. 

Bury Compressor Co., Erie, Pa. 

Champion Blower & Forge Co., Lancaster, Pa. 

Chaplin-Fulton Manufacturing Co., Pittsburgh, Pa. 

Chicago Pneumatic Tool Co., New York, N.Y. 

Clark Bros. Co., Inc., Olean, N.Y. 

Cleveland Rock Drill Co., Cleveland, Ohio 
Cochrane Corp., Philadelphia, Pa. 

R. Conrader Co., Erie, Pa. 

C. Lee Cook Manufacturing Co., Louisville, Ky. 

Cooper-Bessemer Corp., Mt. Vernon, Ohio 
Coppus Engineering Corp., Worcester, Mass. 

Crane Co., Chicago, HI. 

De Laval Steam Turbine Co., Trenton, N.J. 

Double Seal Ring Co., Fort Worth, Tex. 

Eclipse Fuel Engine«ring Co., Rockfbrd, Ill. 

The Electric Sprayit Co., Sheboygan, Wis. 

Elliott Company, Jeannette, Pa. 

Fisher Governor Co., Marshalltown, Iowa 
Foster Pump Works, Inc., Brooklyn, N.Y. 

Fuller Co., Catasauqua, Pa. 

Gardner-Denver Co., Quincy, Ill. 

Gariock Packing Co., Palmyra, N.Y. 

Hagan Corp., Pittsburgh, Pa. 

In^rcolLEand Co., Now Yodc, N.Y^ 
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The Johnson Corp., Three Rivers, Mich. 

The Kraissl Co., Inc,, Hackensack, N.J. 

Lammert & Mann Co., Chicago, Ill. 

Leavitt Machine Co., Orange, Mass. 

Logan Engineering Co., Chicago, Ill. 

Mahr Manufacturing Co., Minneapolis, Minn. 

Maxim Silencer Co., Hartford, Conn. 

Nash Engineenng Co., South Norwalk, Conn. 

National Carbon Co., Inc., Cleveland, Oliio 
W. H. Nicholson & Co., Wilkes-Barre, Pa. 

Nordberg Manufacturing Co., Milwaukee, Wis. 

Norwalk Co., Inc., South Norwalk, Conn. 

Oakite Products, Inc., New York, N.Y. 

Owens-Corning Eiberglas Corp., Toledo, Ohio 
Pennsylvania I\imp & Compressor Co., Easton, Pa. 

Roots-Connersville Blower Corp., Connersville, Ind. 

A. Schrader’s Sons, Brooklyn, N.Y. 

Schramm, Inc., West Chester, Pa. 

The Skinner Chuck Co., New Britain, Conn. 

Socony-Vaeuum Oil Co., New York, N.Y. 

Spencer Turbine ('orp., Hartford, Conn. 

Staynew Filter Corp,, Rochester, N.Y. 

B. F. Sturtevant Co., Boston, Mass. 

Sullivan Machinery Co., Michigan City, Ind. 

Swartwout Co., Cleveland, Ohio 

The Texas Co., New York, N.Y. 

J. H. H. Voss Co., New York, N.Y, 

Walworth Co., New York, N.Y, 

Westinghouse Air Brake Co,, Wilmerding, Pa. 

Worthington Pump and Machinery Corp., Harrison, N.J. 

Wright Manufacturing Div., York, Pa. 

Yeomans Bros., Chicago, Ill. 

Every reasonable precaution has been taken to avoid mistakes. 
The author will appreciate having errors called to his attention 
so that corrections may be made in the next revision. 

Eugene W, F. Feller. 

Port Washington, N.Y,, 

November y 1944, 
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INTRODUCTION 


Air is one of the most valuable and useful tools provided for 
mankind. From the day when he first discovered that his lungs 
could be used as a compressor to supply air for enlivening his 
fire, man has been occupied in devising new ways of furnishing 
air under pressure. As he progressed through the ages his 
knowledge increased and he developed improvements on methods 
previously known. Early contrivances for compressing air were 
inefficient, but as methods were improved more ways were found 
to put air to work. 

Air-treading bags, the wooden cylinder and piston, and the 
Chinese wind box, still common primitive methods of producing 
an air blast, were known at least two thousand years before 
Christ. The bellows was confined, in those early days, to forcing 
fires and to operating devices used in priestly incantations. By 
the time of Hero of Alexandria (160 b.c.) the water trompe, 
which compresses air by the fall of water in a tube, was in use for 
blowing forges. 

Otto von Guericke made great improvements in both the com¬ 
pressor and the vacuum pump about 1660. William Mann, in 
1829, received a patent on the compound compression of air, 
then called stage pumping, which effected great economy and 
lighter compressor construction. Thilorier received a medal a 
year later from the French Academy for compressing gases to 
high pressures in stages. 

Application kept pace with development. As early as 1683 
Papin proposed transmitting power for considerable distances by 
compressed air. The development of his ideas resulted in such 
famous plants as that serving the North Star mine near Grass 
Valley, Calif., where Edward Rix in 1890 transmitted air from 
a Pelton wheel-driven compressor many miles away to Corliss 
engines operating the mine’s hoisting machines. 

Compr^ed air drove machine drills patented by Colladon at 
the Mont Cenis tunnel constructed between 1857 and 1870. 
The ah; which was furnished by a machine driven by water 
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power, was compressed by columns of water rising in two vertical 
cylinders with closed tops, according to a description published 
in '^Appleton^s Cyclopaedia of Applied Mechanics^’ in 1880. 

Not until 1872 was cooling during compression adopted. 
Colladon in the St. Gothard tunnel sprayed water jets into the 
cylinder. This method was efficient enough but led to other 
difficulties which soon caused it to be discarded for water- 
jacketed cylinders, although some wet-type compressors were still 
in use during the early years of the present century. 

The first compressor used#on large-scale work in this country 
was a four-cylinder horizontal unit built in 1866 for use in the 
Hoosac tunnel. The cylinders were single-acting, the pistons 
being driven by a turbine wheel; air was admitted through poppet 
valves in the pistons. Water for cooling was injected through 
the inlet valves. This compressor was later moved to marble 
quarries where a stream of water flowing over the cylinder was 
substituted for injection cooling. 

Impelled by the inventive genius of Burleigh, Ingersoll, 
Sergeant, Rand, Clayton, and others, compressors and com¬ 
pressed-air machinery were accepted at once for quarrying, min¬ 
ing, and tunneling. Success in these fields soon proved the value 
of compressed air for industrial purposes, and it has continually 
found new uses, until today it even serves to operate high-speed 
electrical circuit breakers, a field heretofore reserved strictly for 
electric power. 


Eugene W. F. Feller. 
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CHAPTER I 

RECIPROCATING COMPRESSORS 

An Essential Machine.—Compressors today are essential 
in practically every plant where any form of gas is handled. 
Mechanically, aside from problems such as the type of stuffing 
box, selection of materials suitable for the gas to be handled, and 
regulation, there is little difference between an air compressor 
and a gas compressor. Therefore, a certain amount of stand¬ 
ardization has been done on the basis of using available parts of 
standard air-compressing equipment when applying such machin¬ 
ery for handling gases other than air. 

Of the several air-compressor types built, the reciprocating- 
piston machine finds widest use, largely because of its ability 
to meet the needs of the greatest number of compressed-air users. 
The most common of these is the horizontal machine (Fig. 1), 
although many vertical, V-, and L-angle units are built. 

Classification.—^Compressors may be classified according to 
the method of driving (1) steam reciprocating, (2) electric motor, 
(3) steam turbine, and (4) internal-combustion engine. They 
may be further classified according to the method of connection 
to the driving unit (1) direct-connected (close-coupled), (2) 
direct-connected through flexible couplings, (3) reduction-gear 
coupled, (4) belt-driven, and (6) en bloc, in which the power 
cylinders are built into the compressor frame and connect to a 
conu4on crankshaft. 

Common Driving Arrangements.—Steam drive is available 
for single and duplex horizontal double-acting compressors, with 
the steam engine usually built as an integral part of the com¬ 
pressor (Fig4 2), although a separate steam engine attached to the 
compressor may be used. The steam and air cylinders of single 
l^rifontal oomp^ors arranged in tandem on a common 

1 




WLr —C^jS^raetion details of a horiaontal two-stage machine with tandem cyhnders {Courtesy of Worthington Pump and Machinery Corp.) 
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piston rod. Steam valves are of the piston or slide type. Duplex 
steam-cylinder units are available for low steam pressures, or for 
relatively high back-pressure operation. For higher initial steam 
pressures compound cylinders may be used. 

Electric-motor drive is available for compressors of any 
capacity. For driving belted and high-speed direct-coupled 
compressors the squirrel-cage induction motor is usually used, 
but occasionally the synchronous motor is employed because of 
its capacity for power-factor correction. 



Fja, 2.—Cross-comj^ound steam-engine-driveii duplex compressor. 


Direct-connected synchronous-motor drive of duplex com¬ 
pressors has become standard in sizes of 200 hp and larger and is 
quite popular ev^p in sizes as small as 60 hp. High motor 
eflSiciency, especially at partial loads, power-factor correction, 
elimination of belt losses and maintenance, and reduction of floor 
space are factors that highly recommend the direct-connected 
synchronous-motor-driven cojppressor (Fig. 3). 

Internal-combustion engines (Fig. 4) are frequently used for 
driving compressors, where the cost of suitable fuel is favorable 
or wh^c other forms of power are nqt available. Small sizes 
may be driven by gasoline, fuel oil, or gas engines, belted or 
<jBreetly campled; large sizes by an oil or gas engine built integral 
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Fio. 4^-^->Oa$olixi6^nginQ-dnveii compressor showing marine oonnecting-rod 
construction. (CmfieMy of IngersoU^Rand Co^) 
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or directly coupled to the compressor. The free-piston com¬ 
pressor at the top of Fig. 5 operates by the internal combustion 
of fuel between the two pistons. The opposed diesel pistons 
work directly on the compressor pistons so that power passes 
directly between them without crankshaft and connecting-rod 


f fnJecHon nozx/e 
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Fig. 5.—Free-piston compressor supplies exhaust gas to drive main gas-turbine 
generating unit and auxiliary precompressor. {Courtesy of Power.) 


losses. The compressor pistons furnish supercharging air for the 
diesel, which in turn supplies exhaust gas to the gas turbine. 

Compressor Shapes.—^Vertical and V-type single-acting com¬ 
pressors (Fig. 6) may be classified into two groups. 

The first group includes single-cylinder and two-cylinder, 
single-stage and two-stage compressors in sizes varying from 
fractional horsepower to 15 hp, for maximum pressures usually 
limited to 250 psi. Such compressors are commonly used by 
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filling stations and garages, for starting internal-combustion 
engines, and for operating laundry presses, paint sprayers, and 
other small jobs 

In the second group are compressors of the multicylinder group 
(Fig 7) in sizes of 15 to 125 hp, with pressures usually hmited 
to 125 psi This group is available either single-stage or two- 
stage, air-cooled or water-cooled. 

These compressors may be belted or directly connected to the 
electric motor or other driver. 

Single horizontal double-acting compressors, (Fig. 1) are of the 
straight-line type, with all cylinders in tandem on a common 



Fia. 9.—A 6,000 psi three-stage compressor with hollow low-pressure piston. 
{Courtesy of Norwalk Co„ Inc,) 


piston rod. They are built in approximately the same range of 
sizes as the second group of the vertical and V-type compressors, 
i.e., 10 to 125 hp, but are considerably heavier and operate at 
much lower speed. The single-stage type is built for a maximum 
pressure of approximately 125 psi, the two-stage type for 500 
psi, the three- (Fig. 8) for 2,500 psi, tod four-stage (Fig. 9) and 
the five-stage units for prrasures up to 15,000 psi. The t3T)es of 
drives regularly employed include belt, direct-connected syn- 
ohronods motors, and steam end in tandem with the compressor 
cylinder. 

Duplex double-acting compressors are built in standard sizes 
of SO hp and up for a wide range of pressures, with compressor 
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cylinders arranged horizontally, vertically, or at an angle (Fig. 
10) for a wide variety of special conditions. Compressors of this 
type may be driven by steam, electric motors, or internal-com¬ 
bustion engines. 

Compressor Performance.—Compressor performance guar¬ 
antees are based on the temperature of the cooling water being 
not less than 20 F below the temperature of the incoming air, 



Fig. 10. —Double-acting water-cooled angle construction. {Courtesy of Sullivan 

Machinery Co.) 


and the supply of intercooler cooling water being not less than 
li gal for each 100 cu ft of free air (when a cooler is supplied), 
with the same quantity of water for the cylinder jacket. Capac¬ 
ity ratings are based on dry air at intake temperature and 
pressure. Because of varying conditions of installation and 
operation, any performance specified is guaranteed only within 
a variation as stipulated by the manufacturer; e.g., the actual 
capacity for the total power consumption may vary 3 per cent, 
and, accordingly, the power consumed per ft of air delivered may 
vary 3 per cent from the performance guaranteed. 
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When judging the relative performance of compressors, pur¬ 
chasers are frequently confused by such incidental factors as 
mechanical efficiency and compression efficiency. Only the 
actual capacity of a compressor and the energy or power it 
requires per unit of air actually delivered should be considered, 
for they are the real standard of a compressor's efficiency. 



Fig, 11.—Sectional view of gasolino-engine-driven portable unit. 


Definitions. —In order to simplify the description of com¬ 
pressors and to give the reader an understanding of various terms 
in common usage among compressor manufacturers, the following 
definitions are given: 

1. Vertical compressors are those that have the compressing element in 
a vertical plane (Fig. 7). 

2. Horizontal compressors are those that have the compressing element 
in a horizontal plane (Fig. 1). 

3. Angle compressors are those of the multicylinder type having the axes 
of the cylinders at an angle with each other. The cylinders, mounted at a 
45- or 90-deg angle, may have one cylinder vertical and the other horizontal 
or all cylinders at some angle (Fig. 10) from the horizontal. The V-angle 
and vertical machines serve for installations with limited flo<«r space; hoti- 
zontal units need more floor space but less headroom. 

4. Single^cting compressors are those in which compression takes place 
on but one stroke per revolution (Jig. 6). 

5. DoMe^acting compressors are those in which compreSaxon takes place 
on both strokes per revolution. Practically all stationary units (Fig. 1) 
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compress air during both the forward and return stroke of the piston. The 
opposite is true (Fig. 11) in portable and semiportable machines, the major¬ 
ity being of single-acting construction. All other things being equal, and 
neglecting the volume of the piston rod, the double-acting machine has 
twice the capacity of the single-acting unit. 

6. Single-stage compressors are those in which compression from initial to 
final pressure is completed in a single compressing element. 


Table 1.—Dieselt- and G^s-engine ComIpbessor Capacities: Two-cycle 
Right-angle Compressors 
Capacity in cubic feet of free air per minute 




1 i 

1 Single stage 

Two stage 

No. of 13-by 
14-in. power 
cylinders 

Rated 

hp 

Discharge pressure 
psi gage 

Discharge pressure, 
psi gage 



60 

80 

100 

i 60 1 

1 

80 * 

100 

125 


Diesel-engine-driven compressor 


2 

175 

1,072 

900 

792 

1,190 

1,025 

915 

820 

3 

260 

1,595 

1,330 

1,175 

1,770 

1,520 

1,360 

1,220 

4 

350 

2,150 

1,800 

1,584; 

2,380 

2,050 

1,830 

1,640 

5 

435 

2,660 

2,230 

l,970j 

2,960 

2,540 

2,275 

2,040 

6 

525 

3,220 

2,700 

2,376 

3,570 

3,075 

2,745 

2,460 


Gas-engine-driven compressor 


2 

230 

1,410 

1,185 

1,045 

1,565 

1,350 

1,200 

1,080 

3 

345 

2,095 

1,750 

1,545 

2,330 

2,000 

1,790 

1,610 

4 

460 

2,820 

2,370 

2,090 

3,130 

2,700 

2,400 

2,160 

5 

575 

3,500 

2,940 

2,590 

3,900 

3,340 

3,000 

2,690 

6 

690 

4,230 

3,565 

3,135 

4,695 

4,050 

3,600 

3,240 


7. Multistage compressors are those in which compression from initial to 
final pressure is completed in two or more stages (Fig, 9)^ 

A choice between single- and multistage compression depends upon many 
widely varying factors, such as size of compressor, ratio of compression, 
discharge-temperature limitations, cost of power, continuity of service, and 
relative permanence of installation^The Compressed Air Institute sug¬ 
gests that, in general, the dividing^ine may be drawn as follows, assuming 
sea-level atmospheric intake pressure: for purposes below 60 psi use single- 
stage; for 60 to 100 psi, single-stage for capacities below 300 cfm and two- 
stage for larger sises. 
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When compressing air in excess of 300 cfm at a pressure of 100 to 125 psi, 
i it is advisable to use two-stage machines because they use 11 per cent less 
power than single-stage at 300 cfm capacity, 14 per cent less at 450 cfm, and 
19 per cent less at 1500 cfm—all capacities at 100 psi delivery. When one 
year's power cost for operating a compressor approaches its initial cost, 
economy of operation is of utmost importance. 

Externally some multistage compressors (Fig 9) appear to have only one 
cylinder because the design is such that the multistage compression takes 
place inside one common casing. This is an unusual construction, because 
normally the cyhnders mounted separately can be distinguished by their 
difference in size. 

8. Duplex compressors have two parallel sets of compressing elements 
driven by individual cranks on a common crankshaft (Fig. 12). Double 



Fig. 12. —Duplex two-stage compressor with synchronous-motor drive. {Cour- 
tesy of Chicago Pneumatic Tool Co,) 


duplex units form the letter H, having a cylinder at the end of each leg with 
the driving unit forming the cropsbar (Fig. 3). Duplex machine cranks 
placed at an angle of 90 deg reduce power pulsations to a minimum. 

9. Ratio of compression, is the ratio of absolute discharge pressure to 
absolute intake preiMure. This may be further qualified to the ratio for any 
particular stage or to the compressor as a unit. 

V^IO. Displacement of a compressor is the volume swept through per unit of 
time by the first stage piston, or pistons, expressed in cubic feet per minute 
(cfm). In donble-acting compressors, it is ^he volume swept through by 
Imth sides of the piston. 

\/i\. Free air is air at atmospheric pressure imd temperature at the place 
the compressor is installed. Standard air is ai^ at 68 36 per cent relative 

humidity, end 14.7 psi abs. 

V 12. AMmi mpac^u & compressor is the quantity of ah actually defivered 
and For low^ and medium-^pressure compressors it is mtpreased 
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in cubic feet of free air per minute. The actual capacity of a compressor is 
always less than its displacement, 

13. Volumetric efficiency is the ratio of actual capacity to the displace¬ 
ment. For any given compressor the volumetric efficiency decreases with 



Air Pressure Gage 

Fig. 13.—Brake horsepower required by single-stage compressor. (Courtesy of 
Worthington Pump and Machinery Corp.) 



Air Pressure Gage 

Fig. 14.—^Brake horsepower required by two-stage compressor. {Courtesy of 
Worthington Pump and Machinery Corp,) 

an increase in the compression ratio. Theoretically, volumetric efficiency 
has no infiuenee on the power required by the compressor. 

Compreemn effix/kvwy is the ratio of the theoretical horsepower of 
Compression to the actual indicated horsepower of the compressor cylinders. 
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This effic^ncy is affected by the design and proportioning of the inlet and 
discharge valves, the cooling of the cylinders, the ratio of compression, and 
the speed of the compressor. 

^,45. Mechanical efficiency is the ratio of the indicated horsepower in the 
compressor cylinders to the brake horsepower in the case of a motor- or 
turbine-driven unit, or to the indicated horsepower in the power cylinders 
in the case of steam-driven or internal-combustion-engine-driven con>- 
pressors. Mechanical efficiency is affected by the power lost in overcoming 
the friction of bearings, packing boxes, and pistons. 

^16. Over-all efficiency is the product of the compression efficiency and the 
mechanical efficiency. It is the ratio of total output to the total power 
input and shows the actual cost per unit output. 


Barome+erjnches of Mercury 



Fig. 16 . —Barametrio pressures at various altitudes. {Courteev of Worthington 
Pump and Machinery Corp.) 

*^17. Theoretical horsepower (adiabatic base) is the horsepower reqtiired to 
compress air adiabatically through the specified pressure range. In a multi¬ 
stage compressor it is the sum of the horsepower calcrdated for each stage. 
v/l8. Air-indicated horsepower is the horsepower calculated from a i^ylinder- 
indicator diagram. 

Broke horsepower is the measured horsepower input to the compressor 
shaft (FSgs. 18 and 14). ^ 

20. ^hsolide pressure is the total pressure measured from absolute »ero. 
It equals the smu of the gage reading plus atmospheric pressure in psi oor- 
respondini to the barome^r (Fig. 15). 

21. Aba0lf4te Upifperndure equals the degrees Fahrenheit plus 45#J or, as 

more commonly tSiiedif-40*... . . ... 

.. 22. AvHiooled compressorB have radiating cast on the cylinder walls 
p produce cooling of the cylinder by circulation of atmospheric air (Fig. 6). 





Fig. 16. —Plan view of a steam-driven two-stage compressor showing stretcher 
rods. {Courtesy of JngersolURand Co.) 



Fio* l7*-^E[opper-j aoheted oonstiitottoii for oyiindors and interooolors. {Cautie&y 
^ Ino) 
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23. WateT’^cooled compressors have the cylinders cooled by water circula¬ 
tion through jacketed spaces (Fig. 16). 

24. Hopper-jacketed compressors are constructed so that the jacketed 
space forms an open reservoir (Fig. 17). 

26. Adiabatic compression occurs when no heat is transferred to or from 
the air being compressed. 

26. Isothermal compression occurs when heat is removed at such a rate 
that the air temperature remains constant. 


Table 2.—Single-acting Compressor Specifications 



Compressor model number 

86 

210 

420 

Compressor bore and stroke, in. 

M by 4i 

^ by 4J 

5f by 6 

No. compressor cylinders. 

4 

6 

6 

No. main bearings. 

6 

7 

7 

Main-bearing diameter, in. 

3 

3 

3i 

Air-discharge fitting—pipe size in. 

2 


3 

Standard horizontal tank size, in. 

16 by 42 

! 18 by *48 

20 by 60 

Standard vertical tank size, in. 

18 by 48 

24 by 72 

30 by 84 

Direct-motor-drive specifications: 




Piston displacement per min. 

109 

294 

596 

Actual air delivery at 100 lb. 

75 

206 

416 

Horsepower required for maximum 




delivery. 

20 

50 

100 

Operating speed—^rpm for maximum 




delivery. 

1,170 

1,175 

1,170 

V-belt-drive specifications: 




Piston displacement per min. 

124 

300 

601 

Actual air delivery at 100 lb. 

86 

210 

420 

Horsepower required for maximum 




delivery. 

20 

50 

100 

Operating speed, rpm—compressor.. 

1,330 

1,200 

1,180 

Operating speed, rpm—motor. 

1,760 

1,765 

* , 1 

1,170 


Elements of an Air Compressor.—Briefly, compressors consist 
of the following elements: 

1. The compressing element, made up of air cylinders, heads, and pistons, 
together with inlet and discharge valves. 

2. A system of connecting rods, piston rods, crossheads, crankshafts, and 
flywheel to transmit the power developed by the driving "unit to the air- 
cylinder piston. 

3. A self-contained lubricating system for bearmgs, gears, and cylinder 
walls, including a reservoir or sump for the lubricating oil, a pump or other 
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means of delivering oil to the various parts, suitable filters, and coolers. 
On most compressors a separate force-feed lubricator supplies oil to the 
compressor cylinders 

4 A cooling system for removing heat from the cylinder and heads, inter¬ 
coolers, and aftercoolers 

5 A regulating or control system designed to maintain the pressure in 
the discharge line and receiver within a certain predetermined pressure range. 

6 An unloading system •vvhich operates in conjunction with the regula¬ 
tors to reduce the load or eliminate it entirely 


Stationary construction follows all the previously discussed 
designs, with portable and semiportable machines being built 
mostly in the V and vertical style. Sennportable units, usually 



Fig. 18.—Complete compressor station installed on a mine car. {Courtesy of 
IngersoU-Rand Co ) 


mounted on skids to serve as a foundation, permit moving the 
compressor from place to place at infrequent intervals. The 
portable unit mounted on its own truck (Fig 11) does not require 
special hoisting facilities for moving; this makes frequent trans¬ 
porting easy. A portable compressing plant for mine service 
is shown in Fig. 18. 

(^Cylinder Details. —Cylinder design varies among different 
manufacturers. Some cylinders carry the inlet and discharge 
valves (Fig. 19) while in others the valves are contained in 
extensions cast integral with the cylinder heads (Fig. 20). The 
heads then form part of the cylinder barrel but do not serve as a 
sliding surface for the piston. Casting the cylinder with triple 
walls (Fig. 21) provides space for cooling-water circulation, air 
intake and discharge chambers, and clearance pockets for load 
control Cylinder heads having double walls (Fig. 19) form 
water chambers, sometimes connecting to those in the cylindei 
iirelle, for circulating cooling water. 



Fza. 20.*—InJot ft&d discharge valves carried in extensions on cylinder heads 
{Cmrte^y of P&wer,) 
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Many compressors of smaller size, as well as numerous portable 
and semiportable compressors, use atmospheric-air circulation for 
cylinder cooling. Fins cast integral with the cylinder furnish 
additional radiating surface (Fig. 6). The circulation of cooling 
water between the cylinder walls or, in an air-cooled machine, 
of air over the cast fins, removes only a small quantity of heat 
from the compressed air but does serve to keep the cylinders and 
valves at a reasonably low working temperature. 



Fig. 21.—End view showing water jackets, inlet and discharge chambers, and 
clearance pockets. {Courtesy of IngersoU-Rand Co.) 


The pressure duty of the compressor determines the kind of 
metal used for the cylinder casting. Close-grained gray cast 
iron is commonly used and serves for pressures as h i gh as 1,000 
psi. Other metals, including semisteel, nickel allpy, tool st^l, 
cast steel, and forged steel (Fig. 8), serve for hi^er pressures 
Grinding, honing, or the use of special boring tools produces a 
satin-finish surface on the cylinder walls. All integral cylinder 
barrels permit at least one rebofing (Fig. 22), or, according to 
seveM'm^ufacturerS, 4 in. of metal may be removed without 
danger of weakening the walls. Separate slip-fit barrel inserts 
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(Fig. 23), being removable, may be replaced with new ones when 
wear becomes excessive. 

Small horizontal compressor units permit overhanging the 
cylinders from the main frame, while large and heavy construc¬ 
tion requires a soleplate cylinder support (Fig. 3). 

Valve Design.—Valves are the vital part of a compressor. 
More advance has been made in valve design and improvement 
than in any other part of the machine. With but few exceptions 



Fig, 22. —Boring-bar setup for truing cylinder walls, (Courtesy of American 
Air Compressor Corp.) 

f the mechanically operated and heavy automatic poppet valves 
* have disappeared from use. Those still remaining, being much 
I lighter, require little power for their operation. One manu¬ 
facturer uses a light poppet-inlet valve operated by a camshaft 
arrangement (Fig. 24). 

Old compressors having mechanically operated valves are 
still in service, although many of them have been modernijBed 
by ins^taJlulg i^w cylinders fitt^ tvith plate valves or by putting 
new plate valves in the old cylinders. Discarding the mechanic- 
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cally operated valve did away with the need of indicating the air 
cylinder to determine compressor performance. 

With this old valve arrangement the valve action is controlled 
by a valve gear operated by the reciprocating or rotating parts 
of the compressor. The control may be complete, the actual 
opening and closing of the valve taking place at exactly the same 
point in the stroke each revolution; or it may be only partial, in 
which case, at the proper time, the valve starts to close, but the 
actual closing depends upon the difference in pressure between 
f the cylinder and external air. This action, being similar to that 




a be 

Fio, 25.—Different plate valve constructions, (o, Gardner-Denver^ b, "Pi^orth/ing^ 
ton, c, Jngersoll-Rand ) 

in a steam engine, shows the necessity of using an indicator when 
checking the valve setting on these older units. 

Modem Valves.—Practically all valves in pi-esent-day com¬ 
pressors are of the automatic type, consisting of flat steel plate. 
Plate shapes (Fig. 25) vary with the different manufacturers; 
{some use circular plates, others flat concentric rings, and still 
others rectangular strips or channels. 

The valve in Fig. 26 uses a spring having a number of equally 
spaced flexures or waves, as has also the reaction plate. There 
are two waves in the reaction plate for each wave in the valve 
spring. 

The top figure shows the valve closed and the valve spring 
resting against the bottom of alternate reactien^|flaie VraveS* 
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The unsupported length or effective lever arm of the valve spring 
is Z. * 

As the valve opens, the valve spring begins to flatten and its 
reaction points on the reaction plate change from the bottom of 
the reaction-plate waves to points along the upward slopes. 

On further opening of the valve, the spring continues to roll up 
the slopes of the reaction plate until it rests upon the tops of all 
the reaction-plate waves as shown in the bottom figure. The 
unsupported length of the valve spring, or its effective lever arm. 



Reacfi^, 

plate 

Vttlve 

spHing 

Wive 



Fio 26—Valve construction with reaction plate m addition to regular spiing 
{Courtesy of Sulltvan Machinery Co.) 

has now shortened from the original distance X to a distance 
X /2, or half as much. The result is that the stiffness of the valve 
spring becomes approximately twice as great after the valve has 
opened part way as it would have been had the wave-type reac¬ 
tion plate not been present. 

Advantage of Thin Plates, —Thin-plate low-lift valves consist 
of a valve seat, valve plate, valve spring, and valve guard (Fig, 
27). They have the following advantages over other valves: 
(1) Large areas for the passage of air permit a low velocity 
through the valve and hence improve the compression efficiency. 
^2) They open with minimum resistance and close promptly, 
thereby keeping the range of pressure inside the cylinder within 
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limits close to those to which the compressor is designed. (3) 
Because of their light weight And low lift, they operate with a 



minimum of noise. (4) They 
are simpler and can be replaced 
quickly and cheaply. 

Some plates are held in place 
by coil springs (Fig. 28); others 
use circular or rectangular leaf 
springs, while still others are 
held loosely in place without 
any spring action. Care has 


Fig. 27. —Valve using coiled plate been taken to produce a light- 

spnngs. {Courtesy of Pennsylvania weight valve having plenty of 
Pump & Compressor Co.) ® i 

passage area; this reduces 


velocity friction and pressure loss, as well as lowering the pressure 


needed to force the valve open. The opening and closing of the 



Fig. 2S.-*'Plate valve with coiled-wire aprings* 

valve is caused solely by pressure differential between the air 
within the cylinder and the external air on the opposite eide of 
the valve. 
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High temperatures rfignim ahl e to withstand h eat with- 

out damage. I’his means that valve plates must be fro m 
chrome-vanadium steel, ..^£Jorro- 

sive conditions require valve parts made from composition 
bronze. 



Tanden two-stage 


26 

10 4 

870 

350 

350 

4i 

n 

4 

250 

300 

350 

500* 

7 3 

7 5 

7 6 

8 0 

11 

1 

1 

Duplex two-stage 

40 

13 6 

870 

300 

300 

5 

21 

4 

150- 300 

10 3-12 1 

2 

1 

1 

40 

13 6 

870 

300 

600 

5 

2 

4 

300- 600 

12 0-14 1 

2 

1 

1 

40 

13 6 

870 

300 

1,000 

5 

11 

4 

600-1,000 

14 0-lC 8 

2 

1 

1 

65 6 

22 6 

870 

300 

300 

51 

21 

5 

150- 300 

17 0-20 1 

21 

1 

11 

65 6 

22 6 

870 

300 

600 

51 

21 

5 

300- 600 

19 5-22 3 

21 

1 

11 

65 6 

22 6 

870 

300 

1,000 


11 

5 

600-1,000 

21.9-23 9 

21 

1 

11 

92 

31 7 

870 

300 

300 


31 

51 

150- 300 

24 0-29 4 

3 

11 

11 

92 

31 7 

870 

300 

600 

61 

21 

51 

300- 600 

28 5-34 9 

3 

11 

11 

92 

31 7 

870 

300 

1,000 

61 

21 

51 

600-1,000 

34 0-40 0 

3 

11 

11 


* Horsepower shown at 500 lb is for intermittent service only. 


Valve tightness depends upon a narrow seat around the peri¬ 
phery of the plate (in most valves tV in.). This means that the 
plate and seat faces must be perfectly flat and made from mate¬ 
rial that will not warp. 

Valve area as well as plate lift affects the pressure drop of the 
air flowing into and from the cylinder. The lift must be kept 
low to prevent the plate from hammering itself to pieces. Other 
factors that contribute to compression loss are valve slip ^d 
fritstional reliance to air flow through valves and passages. 





In let Valve 


—^ Valve guide--' —* Discharge Valve 

Fig. 30."—Cross section showing turret channel valve construction. 


within sec, an exceedingly short period of time. It can be 
appreciated then that the valve must be instantly responsive, 
if blowback is to be avoided. Speeds such as this require 
plates with small inertia yet with strength to withstand terrific 
punishment. 



RECIPROCATING COMPRESSORS 


27 


Another important factor that must be recognized in account¬ 
ing for the losses which combine to lower compression efficiency 
is friction or resistance to the flow of air. To make any air or 
liquid flow through a pipe or restricted passage, a difference in 
pressure between the intake and outlet points is necessary. Just 
how great a difference is required depends upon the amount of 
the restriction and the volume hmng forced through. When 
air flows through the valve of a compressor there is some restric- 



Single Cylinder 


32 

11 

870 

300 

150 


4 

^ ®1 

5 3 

5 6 

1 S 8 

6 je.a 

6.4 

28 2 

i 

3 


u 

1 

42 6 

1 

1160 


100 

41, 

4 

0 8 

7 4 

7 8 


1 1 




li 

u 

1 


Duplex Compressor 


f)4 

22' 

870 300 

150 


4 : 

9 7^10 5!i1 0 

11 0 

12 

12.4 


28 2 

5 

li 

li 

1 

85 3 

1 

llbO 

100 

4i 

4 

13 5 14 6 

15 4 







li 

li 

1 

79 

27 

870 300 

125 

5 

4 1 

12 4 13 4 

14 2 

14 8l 

16 . ij 



28 2 

5 

2 

2 

1 

105 2 j 


1100 

100 

5 

4 j 

17 4 18 7| 

19 9 

1 






2 

2 

1 

130 

45 

870 300 

125 

5i 

5 

21 0 23 Oj 

24 3 

25 6 26.7 



28 6j 

10 

2i 

2i 

U 

184 

63 

870300 

125 

' 6i 


28 5 31,1 

33 3 

35 5 38 . 



28 7 

15 

3 

3 

li 


* Bhp IS at belt wheel and does not include belt loss. Horsepowers shown in heavy type 
are for interuuttent service only. 


tion, causing frictional loss, no matter how liberal the valve area 
or how light the valve may be, since there must be some slight 
pressure differential or the valves will not open. Naturally, 
large valve and port areas are very important to obtain high 
efiBiciency. The additional energy required to force the air 
through the compressor valves and passages is energy uselessly 
expended and reduce the compreesion “^^eiency by a corre¬ 
sponding amount. 
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Piston Construction.—Pistons, usually constructed from semi- 


Close-grained 


aluminum. 


agrou nd to a close fit in the cylinde r. Clearance between the 
piston and cylinder averages 0.001 in. per in. diameter on pistons 
up to 20 in.; above this size clearance increases 0.0005 in. per in. 
diameter. One manufacturer uses an aluminum low-pressure 
and an alloy-iron-tinned high-pressure piston (Fig. 10). Alum¬ 
inum pistons, because of their light weight, reduce the shaking 

force of the unit in locations 
r where this is undesirable. An 

|MKj| unusual occurrence was dis- 

> ^ covered in a horizontal com- 

iH|lw pressor fitted with aluminum 

I After several years’ 

operation the piston clearance, 
j rather than increasing, was 

found to be less than half of 
the original clearance. Either 
squeezing or heat action and 
unequal expansion had caused 
1 ^ \ the piston diameter to increase 

fe. several mils. 

Fig. 31 .—Single-acting vertical two- Trunk pistons (Fig. 31), USed 


stage crank assembly {Courtesy of mostly On single-acting COm- 
Wortkington Pump and Machinery . . ,. ,, , i 

Corp.) pressors, are dnven directly by I 

the connecting rod. They are 
fitted with long skirts that transmit the guide pressure directly 
to the cylinder walls to avoid slap, as the piston itself acts as a 
crosshead. Differential pistons (Figs. 8 and 9) are modified trunk 
pistons having two different diameters that fit into special 
cylinders so arranged that two stages of compression are served | 
by one piston, compression for one stage taking place over the ^ 
piston crown, and the stage being the annular space between the 
large and small diameters of the piston. 

/ Double-acting pistons are, as their name implies, required to 
IcompresB air on both strokes per revolution. These require some 
form of piston rod and crosshead so that the compressing element 
LeBrer the running gear may he properly sealed against leakage. 
u>ouble-iteting pistons are made either solid or hollow with either 
W or trynpat^ shapas, truncated pistons (F%8, 10 and 20) 
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permit increasing the valve area and using cylinder shapes, which 
reduces end clearance and increases the volumetric efficiency. 
Some manufacturers drill small relief holes through the piston 
(Fig. 32) to the underside of the rings to equalize air pressure 
acting on the ring, which permits free action of ring tension 
against the cylinder walls. Piston ends must conform to the 
cylinder shape to keep the clearance 
volume at a minimum. This some* 
times means truncated or tapered 
ends rather than a flat disk. 

Built-up pistons are sometimes 
made with L-section ring carriers, but 
it is found that the large amount of 
metal removed in cutting the grooves 
causes these carriers to twist and warp 
sufficiently to prevent the sides of the 
grooves from forming true bearing 
surfaces for the piston rings. To 
overcome this twisting of the ring 
carriers, flat spacers and separators of rectangular cross 
section which are entirely free from warpage are used. These 
are assembled on the piston rod into a rugged and effective 
unit, forming accurate ring-carrying grooves as shown in Fig. 33. 
The simplicity of construction ensures maximum strength of each 
part and permits easy and thorough cleaning during overhaul. 



Fig. 33.—Built-up high-pressure piston showing spacers, separators, and rings. 

With this type of construction the piston rings may be installed 
during assembly of the piston, thus eliminating the necessity of 
sprin^g the rings over the piston. Rings of extremely heavy 
wall thickness with proportionately longer life can therefore be 
used. 

Spacers and separators are finished with smooth surfaces on 
the outside and inside, and are aocuratdy ground on the sides to a 


iCylinder wall 



Fig. 32.—Piston with equal¬ 
izing holes leading to ring 
grooves. 
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tolerance of 0.0005 in. Thus, the piston rings may be fitted to an 
accurate predetermined clearance; consequently, side wear on 
both rings and grooves will be held to a minimum. 


Table 5.—DiESEir-ENOiNE Compressor Specifications 
125 lb. discharge pressure 


Rating, cfm 

Engine 

rating, 

bhp 

Compressor cylinders 

Rpm 

Piston 

displace¬ 

ment 

Actual 

(‘apacity 

No. 

I.-P 

dia., 

in. 

H-p 

dia., 

in. 

Stroke, 

in. 

770 

662 

142 

2 

13 

8 

7 

720 

1,026 

880 

190 

2 

15 

9 

7 

720 

1,170 

1,000 

200 

2 

18 

11 

10 

400 

1,450 

1,225 

250 

2 

20 

12 

10 

400 

1,850 

1 ,563 

300 

4 

16 

10 

10 

400 

2,340 

2,000 

400 

4 

18 

11 

1 10 

400 


Piston-ring Details.—Metal rings (Fig. 34^) fitted in grooves 
around the piston circumference prevent leakage between th& 

piston and cylinder walls. The| 
pressure requirements determine 
the number of rings needed; many 
manufacturers use one- or two- 
piece snap rings, while others use 
segmental-section rings with 
internal expander. Two-piece 
snap rings sometimes ride on an 
internal expander. Taper or step 
joints (Fig. 35) prevent leakage 
past the ring ends. Clearance 
between the ring and groove, 
approximately 0.003 in., is just 
sufficient to permit the ring to 
drop into the groove by its own 
weight. Single-acting compressors have from three to eight com¬ 
pression rings installed adjacent to the compression chamber. 
Oil-control or scraper rings remove excess oil from cylinder liners 
and return it to the crankcase. 

Requires Strong Material.'—Piston-ring material should be 
strong, tou^, resilient, and slow wearing, with freedom from 



Fig. 34.—Hollow-ribbed piston 

carrying three-piece rings. 
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scoring tendencies. For normal compressor appli cation, cast 
i ron is almost universally used, although bronze and other mate ¬ 
rials serve for special condition s. For the sake of heat con¬ 
ductivity, it is desirable to have as thick a ring wall as possible, 
because this is more effective than ring width. Narrow rings 
distribute their heat over the full length of travel in the cylinder. 
The amount of heat passing through the rings depends primarily 
on the contact between the rings and the piston rather than 
between the rings and the cylinder. One manufacturer recom¬ 
mends a copper-lead ring w’hen it is desirable to operate the 



Fig. 35.—Typical ring joints. 


compressor with minimum lubrication. Auxiliary copper-lead 
or bronze rings installed with regular rings serve to polish the 
cylinder walls. Rings are also available with chemically treated 
surfaces to promote rapid seating during run-in. 

Special Service.—When compressors must furnish oil-free air, 
no oil is allowed to enter the cylinder; rubbing friction between 
the piston and cylinder is reduced by replacing the metal piston 
rings with others constructed from carbon (Fig. 36). In B the 
piston itself is supported by a third carbon ring, while in A the 
piston rod passes through the piston and front head to a sliding 
bearing outside. The piston fitted with carbon segmental rings 
then rides between the main crosshead and sliding bearing, 

^ing Characteristics^—In order for a ring to function properly^ 
it must be truly fiat on the side fac6s so that there are no irregu- 
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larities to permit leakage between the face of the ring and the side 
of the groove. It must also conform to the cylinder so that there 
is no space for leakage between the outside circumference of the 
ring and the cylinder bore. These points are well understood, 



Fiq. 36.—Oilless oonstriiotlon using carbon instead of metal rings. 


but there ie another quality that ie not so well known. This is 
cvrculaniy. It is measured by closing the ring in a flemble band 
until the joint is closed to the same opening it will ^ve when 
placed in the cylinder. With the ring in this portion the cUff^ 
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ence between the diameter through the joint and the diameter 
90 deg from the joint is the measure of circularity. If the 
diameter at the joint is larger than the other, the ring is said to 
have plus circularity, whereas if it is smaller the ring has minus 
circularity. It is most important that rings have plus circularity 
when used at high speeds, so as to avoid flutter or end vibration. 

One of the most important qualities of a piston ring is its 

tension (Fig. 37) or ability to spring outward against the cylinder 

wall. Some types Of service require more tension than others. 

However, it is essential that the 

original tension be maintained as long 

as possible. There are three general 

methods of producing tension: (1) 

milling out a relatively large section 

at the joint, (2) heat-treatment, and 

(3) hammering. Hammered tension 

is mechanically produced by peening 

the inside surface of the ring. Tension 

produced by milling out a section and 

then closing the ring stretches the 

outer ring fibers and compresses the .r. ^ 

. ” ' Fig. 37.—To measure ring 

inner ones, tension, place ring on scales at 

It is most important that rings be pressure at X, and 

. 1.11 j ®‘Ose gap G to normal end 

given ample side clearance to prevent, clearance. Scales reading 

as far as possible, any sticking of the tensjon. 

rings in their grooves. Also, a generous clearance should be 

allowed at the joint between the ends so as to prevent any danger 

of the ends of the rings butting while in operation. If too little 

clearance is allowed on the ^des, the rings will stick in the grooves; 

if too little clearance is allowed at the joint, they will buckle and 

permit leakage on the outside. This buckling may become so 

severe as to break the rings. 

The straight-cut joint is common, but angle or step joints are. 
also furnished when desired. Tests show that there is little 
difference between the leakage of the three types. Straight-cut 
joints are sometimes preferred on narrow rings because they are 
stronger and can be fitted more easily than either of the other 
type®. 

Tiro-ftece Construction, —^The two-piece compressor ring 
(Hg^ 38) consists of a tensioned angle-joint inner ring, and an 
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untensioned step-joint outer ring. The inner ring provides the 
necessary tension and effectually seals the joint of the outer ring. 

When subjected to high pressures that may build up behind 
the ring, causing it to expand, there is a definite restraining action 



Two piece 
Pisfon Pinq 


Three piece 
Piston Ring 


Fig. 38.—Two- and three-piece rings. 


obtained from friction between the rubbing surfaces of the two 
rings which prevents undue cylinder-wall pressure and wear. 

The over-all wall thickness of a two-piece conipressor ring 
should always be somewhat thicker than the wall of a one-piece 
ring of the same diameter. Thickness depends on the diameter, 
but the average two-piece compressor-ring wall is at least 60 



L.H Angle 
Joint 



Fig. 39.—King nomenclature. 


per cent thicker than the corresponding one-piece-ring wall. 
Piston grooves must therefore be correspondingly deeper. 
Three-piece Ring.—The three-piece compressca- ring (Fig. 38) 
eonsiste of a straight-joint inner ring and two outer rings with 
jcants of opposite angles. The inner ring provides the necessary 
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tension and seals the joint of the outer rings. Opposite angle 
joints line up only momentarily in service (Fig. 39). 

Usually the inner ring and both outer rings are made of cast 
iron, but one or both of the outer rings can be made of bronze or 



Fig. 40. —Bronze and cast-iron (ombination iings {Courtesy of American 
Hammered Piston Ring Division^ Koppers Co ) 


bakelite when desired. The combination of one cast-iron and 
one bronze outer ring (Fig. 40) has proved satisfactory in pro¬ 
longing the life of rings and cylinders. 

Segmental Rings. —The stepped-seal segmental ring (Fig. 41) 
consists of several segments with overlapping ends, forming 
stepped-seal joints, which fit together 
in such a way that the segments 
form a complete ring without any 
povssible joint leakage. The joints 
are designed so that the maximum 
strength is secured. 

The segmental construction per¬ 
mits a much heavier wall than is 
possible in a one-piece ring that must 
be sprung over a piston, thus pro¬ 
portionately increasing the length of 
service obtained from a set of rings. 

Incorporating special step-seal joints Carbon segment nng. 

improves the seal, which prevents leakage and preserves all 
available lubrication on the cylinder walls. 

Bakelite Rings.—Bakelite pi^on rings are constructed in 
segmental form, also as one-piece compression rings, or as outer 
rings for two- and three-piece units. The segmental rings are 
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regularly provided with compression inner rings made of corro¬ 
sion-resistant steel. The one-piece rings do not require inner 
rings because they have tension hammered into them. They 
are used in compressors handling corrosive elements—natural 
gas and corrosive gas. 

Ring Metals.—Bronze piston rings are manufactured from 
individual castings, which give a dense uniform metal. For 
general use, a high-quality tin bronze has been found most 
suitable, the mixture being adjusted to suit the diameter and 
cross section of the ring. 

Bearing bronzes, containing suitable percentages of lead and 
nickel, are frequently cast into piston rings for use under condi¬ 
tions of poor lubrication. Also, several acid-resisting bronze 
mixtures have been applied to counteract the corrosive action of 
both organic and inorganic acids. 

One quick-seating piston ring is a one-piece cast-irqn concentric 
ring having either one or two bands of bearing bronze inserted in 
its periphery. These bands (Fig. 40B) normally project approxi¬ 
mately 0.002 in. beyond the periphery of the ring. 

The ring takes a quick initial seat because of the high-unit 
pressure obtained on the narrow bronze band. This prevents 
blow-by in either new or worn cylinders. As the bronze wears it 
burnishes the cylinder wall to a mirrorlike surface and allows the 
cast-iron body of the ring to reach a seat gradually. Throughout 
its life the bimetallic ring tends to eliminate scuffing and reduces 
wear on both rings and cylinder. 

Another one-piece, concentric, quick-seating piston ring has 
inserted bands made from a special white-metal bearing material. 
Because of the relatively low melting point of the insert material, 
this ring i« used only in installations free from high temperatures. 

A combination bronze and cast-iron ring consists of two ring 
members, one of cast iron and one of bronze, both of which have 
internal tension. An interlocking arrangement (Fig. 40A) 
allows the two members a slight radial movement so that they 
can seat independently of each other, but causes the two to wear 
uniformly. This two-piece construction combines the well- 
established 4>earing qualities of cast brohze with the strength and 
heat-resisting qualities of cast iron. The bronze member 
deposits a thin coating of bronze on the cylinder wall. The iron 
member, having a greal^r affinity for oil, caxiies oil along with it 
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and maintains adequate lubrication. In this way the cylinder 
becomes highly polished over the entire ring travel, and excessive 
wear is prevented. 

Special Designs.—The grooved and drilled ring is of one-piece, 
concentric construction having a centrally located annular groove 
in the periphery and a series of equally spaced holes drilled 
radially from the annular groove to the inside of the ring (Fig. 
42). When pressure builds up in the cylinder, some of it passes 
between the flat face of the ring and the side of the piston groove 
into the annular space behind the ring. From here it passes 
through the radial holes and fills the groove on the outside of the 
ring, exerting a unit pressure in the 
peripheral groove against the ring ap¬ 
proximately the same as the unit pres¬ 
sure exerted by the air over a similar 
area on the inside of the ring. Thus 
the outward force of the air trapped in 
the piston groove behind the ring is to 
some extent counterbalanced. 

A recent development in the piston-ring field is the application 
of plated deposits on the cylinder-contacting surface of the ring. 
A vast number of metals, such as silver, copper, tin, zinc, lead, 
cadmium, and chromium have been used with a view toward 
increasing useful ring life. Most encouraging results have been 
obtained with chromium plating. Recently a new surface finish, 
known as porous-chromium plate, has been developed. To pro¬ 
duce a porous finish, the metal is electrodeposited in the usual 
manner. Reversing the plating current causes a stripping action 
to take place and removes metal from the outer face producing 
a porous surface. This porous condition usually extends about 
0.001 to 0.0016 in. in depth, leaving the rest of the plate as it 
was originally. The porosity permits the ring to carry oil for 
immediate seating purposes and at the same time permits it to 
wear quickly and produce its own seating surface. 

Piston-rod Composition.—High-carbon-steel forged rods con¬ 
nect the piston to its crosshead. Accurate machining and grind¬ 
ing provide a true and uniform periphery over the entire rod 
length which reduces leakage past the packing to a minimum. 
In some compressors the piston is hydraulically pressed on the 
rod, while in others a taper joint is used. However, regardless 



Fig 42 —Ring with cen¬ 
ter groove and equalizing 
hole. 
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of how the piston fits on the rod, it is almost always held in place 
by a lock nut (Fig. 34). 

Rods are, in most cases, screwed into the crosshead and then 
locked in place by a nut. Some manufacturers also slot the rod 



end (Fig. 43) so that a pin inserted through the slot holds the rod 
from turning. A screwed connection between piston rod and 
crosshead simplifies adjustment of the piston clearance at both 
ends of its stroke. 



Fig. 44;.~-Metallic piston-rod packing with helical spring. (Courtesy of C. Lee 
Cook Manufctciuring Co,) 

Piston-rod Packing.—Openings in the cylinder head for' 
passage d the piston rod must be fitted with packing to prevent 
air leakage. The operating pressure determines the amount 
needed. Seme manufacturers use metallic (Figs. 44 and 45), 

, f 
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composition, or carbon packing, while others prefer fibrous mate¬ 
rial (Fig. 46). One authority cautions against hemp packing 
because of its rapid scoring characteristics. 

The satisfactory performance of metallic piston-rod packing 
depends on the mechanical fit between the packing rings and rod. 



2 - End cup Crosshead Pressure 

3 - Pocking ring cup Side Side 

4 •“ Oil drip cup 

5 ” Garter spring , , 

6 - Radial nng ^Lubncohon 

7 ** Bridge ring '' 

6 "• Keeper 

9 - 2*stud gland 

10 -* Tie stud nut 

11 - Tie stud 

12 - Breaker end cup, 

13 - Breaker cup 

14 - Breaker spring 

15 - Breaker nng 

16 - 4-5tuci gland 2-stud Gland 

24- Aux gland 
25“ Aux follower 



26“ Vent cup 


Fig. 46.—Segmental metallic packing rings held in place by garter springs. 
(Couiteey of C. Lee Cook Manufacturing Co.) 


Because metal packing damages quite easily, follow the manu¬ 
facturer’s instructions exactly when installing, inspecting, or 
repairing. The packing, piston rod, and stuffing box must be 
alMolutely clean to prevent injury to the packing rings. Identi¬ 
fication marks placed on individual rings assure correct assembly; 
■^e markingB must coincide when the packing is placed on the 
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rod. Protect the rings when sliding them over the piston rod by 
covering the threaded portion. 



Fig. 46.—Fibrous packing is used in many machines. 


To obtain best results with metallic packing, piston rods should 
be finished true and parallel, preferably by grinding. Scores, 



scars, and shoulders must be 
removed from old rods by 
stoning or grinding before re¬ 
placing fibrous with metal 
packing. It is essential to pro¬ 
vide adequate lubrication; the 
oil also helps to seal against air 
leakage. Wiping rings (Fig. 47) 
formed from carbon segments 
held together by garter springs, 
or circular metal rings, seal 
against oil leakage from the 
crankshaft and crosshead 
chamber. 

Crosshead Construction.— 
The crosshead is usually box¬ 
shaped, although some com¬ 
pressors use a U-shaped casting. 


Pig. 47.—^Wiping rings installed in 
crankcase partitipn. 


It serves as a sKding joint 
between the piston and connect¬ 


ing rod on double-acting machines (Fig. 48). Single-acting com- 


pmmoTB do not use a croi^head, the angularity thrust of the 


eonnectiug rod being absorbed by the trunk pston (Big. 81 ). 
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Since there is no reason to seal the crank end of the cylinder on a 
single-acting machine, the connecting rod can be connected 
directly to the piston, which eliminates a crosshead entirely. 



I la 48 —Typical crosshead construction. 


Crossheads are cast from open-hearth steel, charcoal iron, or 
malleable iron The shoes have either flat or rounded (Fig 484) 
sliding surfaces riding in contact with heavy stationary guides 
to prevent transmission of bending strains to the piston rod. 



Fig. 49.-^Wedg© adjustment on crosshead shoe. {Courtesy of IngersoUrRand Co ) 


Shoe wear can be compensated for on some machines by shim or 
wedge adjustment between the shoe and the crosshead (Fig. 49). 
Othfer uaAchines have no adjustment. 
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Crosshead Shoes. —The sliding surface of most cast-iron cross¬ 
head shoes is babbitted, although a few machines use bronze 

shoes made from high-tensile 
Meehanite metal with tinned 
bearing surfaces. The metal 
used for crosshead guides ranges 
from cast iron and cast steel to 
chrome-nickel iron. They are 
honed to a smooth finish. 

Crosshead Pins. —A heavy 
pin holds the connecting rod 
and crosshead together. These 
pins, made from steel forgings, 
are casehardened and ground to 
size. Various methods are used 
to hold the pin in the cross¬ 
head ; in some a taper fit between 
the pinhead and crosshead web with a nut on the free end permits 
tightening it in place. Several machines use split crosshead webs 
(Fig. 48J5) fitted with constricting bolts which draw up the split 





Fio. 51Typical oonnectiag rods with both inner and outer adjusting wedges. 


and hold the pin tightly in place. Another method (Fig. 60) 
utiEaea the taper head with a plate clamp to hold the pih in place* 


shoes. One V-angle unit uses 



Fig. 60.—Main crosshead with 

stretcher-rod lugs. 
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Connecting-rod Bearings.—Connecting rods for horizontal 
machines (Fig. 61) are usually solid-end heat-treated forgings 
with either I-beam or rectangular cross-sectional shape. The 
crosshead bearing consists of two pieces of solid bronze with a 
crankpin bearing being made from babbitt-faced east steel or 
phosphor-bronze two-piece castings. A wedge and screw 



Fig. 52.—U-orank main shaft supported in ball bearings. {Courtesy of Sullivan 

Machinery Co ) 

arrangement provides adjustment for bearing wear on both the 
crosshead and crankpin ends. 

Some rods carry both wedges on the inner bearing pads (A), 
while others (5) have the crosshead-end wedge on the inside and 
the crank wedge against the outer pad. Repeated adjustment 
on rods having both wedges inside affects the piston clearance 
fay making it greater at one end than at the other. 
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Most vertical and single-acting compressors use a marine-type 
connecting rod fitted with thin-shell babbitt-steel-backed bear¬ 
ings or bushings at both ends (C). Bearing adjustment is made 
by removing shims between the connecting rod and end cap. 

The connecting rod produces reciprocating motion of the piston 
by a crank connection to the main shaft. The type of compressor 
determines whether this connection will be a U crank (Fig. 52) 
or a counterweighted disk and pin. Compressors having two 
cylinders in line operate with one connecting rod and crank by 
connecting one piston through stretcher rods (Fig. 53) reaching 
past the crank to the main crosshead. The connecting rod then 
connects this main crosshead to the crankpin. 



Fig. 63.—Stretcher rods connect crank to two opposed pistons. 


Crankpin and Shaft. —Crankpins made from high-carbon steel 
forgings are hardened and then pressed into the counterweighted 
disk, after which the ends are riveted over (Fig. 54). Some manu¬ 
facturers cast the pin and counterweight in one piece from open- 
hearth alloy steel. On U-crank machines the crank itself is a part 
of the main shaft, generally a single open-hearth steel forging. 
Crank counterweighted disks, when made separately from the 
main shaft, are pressed and keyed to the shaft; duplex machines 
mount the crankpins at 90 deg to each other (Fig. 63), which 
prevents maximum compression in all cylinders from occurring 
simultaneously, reduces load pulsations, and minimizes main- 
bearing shock. 

When heavy flywheels or motor rotors are mounted between 
bearings on the main shaft, its middle cross section is enlarged 
(Mg. 644) to reduce bending action. Oil-throwing and bearing 
seal collars are sometimes machined on the shaft at bearing 
joumais. 
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Main Bearings.—Both roller and split-block bearings are 
used to support the main shaft. Ball and roller bearings were 
formerly employed only in small compressors where the loading 
was light, but today many heavy units use roller bearings and 
give excellent service. Choice between roller and block or shell 
bearings is largely a mattei of personal preference, because when 
every important point is considered the lact remains that each 
of them gives perfect satisfactory results. 



Fig, 64.—Oil passages drilled in mam shaft and crankpin. 


The split-block bearing consists of two or sometimes three 
separate babbitt-faced castings (Fig. 55). One three-piece 
design uses a bronze bottom section and babbitt-faced sidepieces. 
Bronze is not well suited for sidepieces because its coefficient of 
expansion is high; since these pieces are closely confined in the 
frame having a lower expansion coefficient, bearing heat would 
expand the bronze toward the shaft, which would aggravate the 
trouble. Babbitt-faced boxes have the same coefficient of 
expansion as the frame. Some babbitt-faced bottom pieces 
carry a bronze band insert which will support the shaft if the 
babbitt fails. Dismantling is a simple operation of removing the 
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bearing cap and lifting out the sidepieces The bottom section 
can be rolled out of place after the shaft has been lifted slightly 
In practically all machines a movable wedge A provides 
adjustment for main-bearing wear Spacing shims B located 
between bearing sections prevent movement of the adjustable 
shoe. Some manufacturers build smooth-faced bearing shoes; 
others groove the shoes for lubricatmg-oil passage. 



Fig 56 —Typical mam-beanng construction 


Frame Construction.—Main frames, sometimes of the open- 
top construction, heavily ribbed and reinforced, are generally 
completely enclosed to keep out dirt and dust. Both semisteel 
and cast iron are used to make these castings which support the 
movmg parts. Cast with a solid bottom, they also form an oil 
reservoir for lubricating oil. 

Strength of Frame.—^The tn arinnim load allowable on a com¬ 
pressor is determined more frequently by the strength of the 
frame and the running gear than by the strength of the wr 
cylinder. As a general rule, air cylinders have quite a large safety 
margin and are actually used over a large pressure range. 

Three points in the frame which are under heavy strain while 
tran^tting power from the shaft to the air cylinder are (1) 
main bluings, (2) crankpin, and (3) crosshead pin. 
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The projected area of any bearing is the diameter of the bearing 
times its length; i.e., if a crankpin is 4 in. in diameter and 5 in. 
long, its projected area is 4 X 5 = 20 sq in. The maximum 
frame load is found by multiplying the cylinder area by the 
maximum pressure acting on the piston. This total load divided 
by the projected area of the bearing gives the pounds pressure 
per square inch of area. 

A 10- by 11-in. compressor, operating at 100 psi pressure, has a 
cylinder area of 78.5 sq in. The maximum pressure of 100 psi 
gives a maximum frame load of 7,850 lb. Now assume that the 
two main shaft bearings are 4 by 4 in. each, or a total projected 
area of 32 sq in. for the two bearings. Then 7,850 32 = 245 

lb maximum load per sq in. If the crankpin is 3.5 by 3 in., the 
projected area is 10.5 sq in., equivalent to a maximum pressure 
of 750 psi projected area on the pin. If the crosshead pin is 
3 by 3 in., the maximum pressure on this pin becomes 873 psi. 
y^eeixmg Lubrication.—Oil contained in the crankcase or special 
reservoirs furnishes lubrication for the moving parts. Rotation 
of the crank disk splashes or carries the oil in scoops up and over 
the connecting rod and crosshead or into an overhead pan from 
which it flows to the connecting rod and main bearings by 
gravity. Some large stationary compressors use a pump (Fig. 
54) to force the oil through piping or drilled channels in the shaft 
and crank disk to the crankpin, and through a rifle-drilled con¬ 
necting rod to the crosshead pin and crosshead guides. Single- 
acting portable and semiportable compressors generally use the 
splash system (Fig. 56) for cylinder walls as well as for all bearings. 
..Cylinder Lubrication.—Double-acting machines require a 
force-feed supply of cylinder lubricating oil, generally furnished 
by a mechanically driven lubricator. Pipes fitted with check 
valves carry the oil into the top of each cylinder (Fig. 9A); as the 
piston passes, oil gathered up and carried between the piston 
rings servas for lubrication and also helps to seal the piston 
against leakage. Being mechanically driven, the lubricators 
feed oil to the cylinder only during operation, this feed being 
^ constant regardless of whether the machine is running loaded or 
unloaded. 

U-lUiad Control. —lioad-control arrangement varies, but all 
manufacturers use s<toe form of the simple methods of either 
holdir^ open the inlet valves, by closing the intake, or opening 
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the valves to clearance pockets cast in the cylinder walls. When 
the compressor is to run fully loaded, a centrifugal or time-delay 
governor operates the unloading mechanism at a point just under 
full speed. Unloading control, to be described later, depends 
to some extent on the method and type of compressor drive. 

Driving Arrangements. —^Although reciprocating compressors 
give a pulsating load, they can be driven by any of the available 
prime movers. Connection between the driving unit and com¬ 
pressor is accomplished by various means. 



Fia. 66,—Splash oiling for single-acting compressor. 


Flexible and rigid couplings are employed with electric-motor 
or intemal-combustion-engine drive in which the speeds of the 
compressor and driving unit can be made the same, due considera¬ 
tion being given to space, weight, and economy. 

Reduction-gear drive, sometimes used for electric-motor and 
intemal-combustion-engine drive, is 'inandatory iat turbine- 
driven units because of their speed. 

Belt drive is used for small, low-pressure, motor-driv!^ 
coDapressprs cmly. The belts usually consist of , a numbw at 

.V-b^ts ruiminff nn ^ 
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When driven by steam, gas, or oil engines having a similar 
pulsating power-impulse characteristic, drive connection must 
be made so that maximum power input occurs at the time of 



greatest ait'^coiiipression resistance (Fig, 67), Otherwise, an 
. ex^sively laa*ge flywheel must furnish momentum to carry 

4>1*kA Arvtvmvifkidat AVI a‘fv*Alr4i 
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Flywheels are necessary on all reciprocating compressors to 
keep the fluctuations of speed within specified limits, because a 
reciprocating compressor is a variable torque machine. In 
reduction-gear-driven units the customary practice is to provide 



Fiq. 58.—Cross section of a steam-driven compressor. {Courtesy of "Westino^ 
house Air Brake Co,) 

all the required flywheel effects in the gear wheel. On belted 
compressors the belt wheel and flywheel are frequently combined, 
and occasionally flexible*coupled and rigid-coupled compressors 
use the flywheel as part of the coupling. Flywheels, of both one 
piece and split construction, are clamped and keyed to the crank* 
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shaft. Those mounted on a shaft taper are further secured by 
a shoulder and lock nut, in addition to being keyed. 

The size of the flywheel depends on the position of the driving 
cylinders and pistons in relation to those of the compressor. 
Prime movers having more than one cylinder and cranks 90 deg 
apart bring the greatest power impulse in time with the maximum 
compression resistance. Another method (Fig. 57) keeps the 
cranks together but mounts driven and driving cylinders at some 
angle with each other, this angle being 45 deg in some designs and 
90 in others. Gasoline-engine-driven compressors connected by 
flanged couplings have marked flanges to prevent miscoupling. 

Locomotive Compressor.—This unit has its steam cylinder 
located above the air cjdinder, the two being separated by a dis¬ 
tance piece; steam and air pistons mount on a common piston 
rod, which also operates the pilot valve controlling steam admis¬ 
sion and exhaust. The compressor is double-acting, steam being 
admitted alternately on either side of the steam piston. 

Consider the steam end of the compressor shown in Fig. 58. 
Supply steam flows through the passageway aa^ to chamber A 
above main valve 83 and between pistons 77 and 79 and through 
passage e to chamber C, feeding reversing valve 72. Main valve 
83 controls steam flow to and from the cylinder. It is operated 
by the two pistons 77 and 79 of unequal diameter and connected 
by the through stem. The pistons in turn are controlled by 
reversing valve 72, which is operated by the main steam piston 
65 through reach rod 71 and the reversing plate 69. 

Reversing valve 72 alternately admits live steam to or dis¬ 
charges it from chamber D, at the right of piston 77, thus 
alternately balancing or unbalancing this piston. Rod 71 is 
alternately moved up and down by plate 69 which engages 
reversing shoulder j on the upward stroke of the piston and 
button jfc, at the end of the rod, on the downward stroke. 

Chambers A and C always communicate freely with each other 
and with the steam inlet through passages and e. Live steam 
is therefore always present in the chambers A and C. Chamber 
E, at the left of small piston 79, is always open to the exhaust 
passage ^ 2 , through the port t Exhaust steam, practically at 
atmospheric pressure, is therefore always present in chamber E. 

A balancing port s runs from the reversing-valve cap down the 
outside of the valve bushing and enters the upper cylinder head 
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to equalize the pressure above and below the reversing roc 
regardless of whether there is live or exhaust steam in the uppe 
end of the cylinder. 

With reversing slide valve 72 in its lower position, chamber 1 
is connected through port h, reversing-valve exhaust cavity, ani 
port /, with main exhaust passage d 2 . There is therefore onl; 
atmospheric pressure at the right of piston 77. 

As chamber E, at the left of piston 79, and chamber Z), at th 
right of piston 77, are then both connected to exhaust, the stean 
pressure in chamber A has moved the larger piston 77 to th( 
right and has pulled the smaller piston 79 and main valve S[ 
with it to the position shown. Main valve 83 then admits stean 
below main piston 65 through ports 5, 5i, and & 2 . Piston 65 h 
thereby forced upward, and the steam above it passes through 
port c, exhaust cavity B in main valve 83, port rf, and passage 
^ 2 , where it discharges into the atmosphere. 

When piston 65 reaches the upper end of its stroke, reversing 
plate 69 strikes shoulder .7 on rod 71, forcing it and reversing slide 
valve 72 upward to open port g. Steam from chamber C then 
enters chamber D through port g. The pressures upon the two 
sides of piston 77 are thus equalized, and since chamber E is 
always open to the exhaust, the pressure in chamber A forces 
piston 79 to the left, drawing with it piston 77 and main valve 
83. 

With main valve 83 in this position, steam then flows from 
chamber A through port c above piston 65, forcing it down; at 
the same time steam below this piston exhausts to atmosphere 
through ports 62 , and b. When piston 65 reaches the lower 
end of its stroke, reversing plate 69 engages button k and draws 
rod 71 and reversing valve 72 down to their starting position. 

In starting, always run this compressor slowly until it becomes 
warm, permitting the condensate to escape through the drain 
cocks and exhaust, until sufficient pressure builds up in the main 
reservoir (25 to 30 psi) to provide an air cushion. Then close 
tiie drain cocks and open the steam valve sufficiently to run the 
compressor at normal speed,. Never run the compressor faster 
than is necessary to do the work required. A pressure governor 
automatically controls starting and stopping. 

Lubrication.—^The air cylinders are lubricated by an automatic 
oil cup. Its construction and operation are illustrated in the 
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sectional view (Fig. 59). The oil chamber a is filled from the top 
when the cap nut 5 is removed. The cap nut carries a vent hole 
/, so located that when the seal between the cap and body is 
broken the air pressure vents to atmosphere, thereby permitting 
filling while the compressor is running. The stem portion 3 of 
the body 2 has a central passage 5, communicating at the bottom 
with the pipe connection leading to the air cylinder, and at the 
top with chamber a through the cavity in the cap This passage 
has its top outlet on the side so as to permit filling chamber a 
without the possibility of pouring oil directly into the passage 
to the compressor. 

An oil port d in the stem connects 
passage h to an annular feeding cavity 
c, which is formed by a recess in the 
stem and the neat-fitting sleeve around 
it. This sleeve has two diametrically 
placed notches c at its lower end, 
which connect chamber a with cavity 
e. When the compressor makes its 
upward stroke, air is forced up through 
passage b and into the space above the 
oil in chamber a. 

The lubricant in the cup flows 
through the notches c into the space 
between stem 3 and sleeve 4, rises in 
space e by capillary attraction, and 
then enters opening d to passage 
downward stroke of the compressor, it is carried with the flow 
of air from the chamber above the oil through passage h into 
the compressor cylinder. This small amount of oil supplied 
regularly and reliably is ample to lubricate the air cylinder 
adequately. Use only a good grade of standard locomotive 
saturated-steam valve oil in the air cylinder. 

Operating these compressors continually at high speeds or 
against excessive pressure inevitably results in high temperatures 
which destroy lubrication, causing the air cylinders to cut, besides 
filling the discharge passages with deposits from burnt oil and in 
general reducing the over-all compressor efficiency. 

Under normal conditions, the speed should not exceed 140 
strokes per min, and such a speed should not be maintained con- 
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tinuously for any considerable time. Even this speed will 
eventually cause excessive heating. 


Table 6.—Rjng End Clearance for Compressors 



Min side ! 

Joint end clearance, in., min 

Cylinder dia, in. 

clearance, 

in. 

Straight 
and step 

45-deg angle 

Below 6. 

0.0015 

0.003 X diam 

0.002 X diam 

6 and over. 

0.0025 

0.003 X diarn 

0 002 X diam 


Courtesy of American Hammered Piston Ring Division, Koppers Co. 


Operating Cycle.—Reciprocating compressors compress the 
air by moving a piston back and forth inside a closed cylinder. 
Figure 60 shows in cross section a double-acting compressor with 
piston, piston rod, inlet valves A, and discharge valves B. 

For nfiaximum capacity and efficiency the piston should 
approach the cylinder ends closely and leave minimuhi clearance 
volume (including volume of valve passages). 

See what happens on the right side of the piston. Starting 
from the right end of the stroke, the piston moves toward the left. 
As it moves, the discharge valve closes and air remaining in the 
clearance space under discharge pressure expands, aiding move¬ 
ment of the piston until the internal pressure is below atmos¬ 
pheric. Free air then flows into the cylinder until the piston 
reaches the end of the suction stroke, leaving the cylinder filled 
with air at slightly below atmospheric pressure. 

The reverse stroke of the piston starts compressing the 
entrapped air, forcing the inlet valve closed. The piston move¬ 
ment to the right continues to reduce the air volume until the 
resulting pressure forces the discharge valve open against 
receiver pressure. The air then flows into the system during the 
remainder of the piston stroke. Air remaining in the clearance 
space then reexpands as the piston travel reverses, and the process 
repeats itself. 

An ideal compressor would take in a cylinder full of air at 
maximum atmospheric pressure without the incoming air absorb¬ 
ing heat from the metal as it enters. The piston would then 
Compress the air to its final volume and pressure without any 
increase in temperature and force the entire volume of air^from 
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the cylinder. This ideal condition does not prevail in practice. 
Internal pressure must be slightly below atmospheric or the air 
will not enter. Traveling through the hot inlet passages raises 
the air temperature, increases the internal pressure, and reduces 
the total weight of air flowing in. As compression takes place 
the air temperature rises, building up the pressure prematurely 
and extending the length of time the piston must act against this 



Fig. 60.—Indicator card showing conditions inside compressor cylinder. 


pressure in forcing the air from the cylinder. Another output 
loss occurs because of clearance space. The piston cannot force 
all the air from the cylinder; this air occupies space that cannot 
be filled with new air during the inlet stroke. 

How the Pressure and Volume Change. —^The changes in 
pressure and volume occurring in one end of the cylinder can be 
followed on the indicator card (Fig. 60). The distance L repre¬ 
sents the volume displaced by the piston during one stroke. 
Starting with the piston at Q and the cylinder filled with air at 
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atmospheric pressure, the pressure of the confined air gradually 
rises as the piston reduces the volume, and the heat of compres¬ 
sion acts until a pressure //, slightly above receiver pressure, 
builds up. Completing the stroke, the piston forces the com¬ 
pressed air from the cylinder. The line HJ represents this 
expulsion. 

Upon completion of the stroke, the clearance space remains 
filled with air at pressure /. The higher the compression ratio 
or the larger the space, the more air it will hold and the farther 
the piston must move to the left before this confined air can 
expand to below intake pressure. A compressor cannot be 
operated without some clearance, but the smaller it is the better. 

'Effects of Volumetric Efficiency.—The clearance-space or 
volumetric loss, although reducing the capacity of the compressor, 
represents little loss of mechanical power because most of the 
energy used in compressing air trapped in this space returns 
during the expansion period in helping to move the piston. The 
longer the stroke the less percentage of clearance is required for 
any given volume. If a machine has a 30- by 60-in. air cylinder 
with a 1^ per cent clearance, and the stroke is shortened to 30 in., 
or one-half, with the length of clearance remaining the same, 
the percentage of clearance would be doubled, or 3 per cent. 

Volumetric loss in single-stage compressors, resulting from 
clearance, means that the single-stage compressors furnish less 
actual free air than do two-stage machines for the same discharge 
pressure and piston displacement. All comparisons must be 
based on actual capacity and not on piston displacement; further¬ 
more, the horsepower required must be compared on the basis of 
Ae brake horsepower (bhp) per 100 cu ft actual capacity. 

Comparing Output.—To illustrate, let us compare two standard 
^Compressors. A 14 by 13 single-stage belt-driven unit has a 
piston displacement of 628 cfm and requires about 95 bhp to 
compress air to 100 psi, A 13i by 8 by 8 duplex two-stage 
machine has a displacement of 593 cfm and requires about 95 
bhp for 100 psi. 

Now consider the single-stage compressor. If we divide 95 
hp by 628, we find that the machine requires 0.151 hp per cfm 
piston displacement. Similarly, we find that the two-stage 
machine requires 0.16 hp per cu ft piston displacement This 
indicates that the single-stage machine takes less horse|>ower 
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per cubic foot displacement. Where, then, is the economy of two- 
stage compression? 


Table 7 — Theobetical Horsepower for 100 Ciu of Free Air to 
Various Pressures 




Theoretical hp 

Discharge 

pressure, 

psi 

Ratio of 
compres¬ 
sion 

Single- or 
multi¬ 
stage iso¬ 
thermal 

Single- 

stage 

adiabatic 

Two- 

stage 

adiabatic 

Three- 

stage 

adiabatic 

Four- 

stage 

adiabatic 

50 

4 4 

9 5 

11 9 




100 

7 8 

13 2 

18 0 

15 4 



150 

11 2 

15 5 

I 22 5 

18 6 



200 

14 6 

17 2 

26 3 

21 0 



300 

21 4 

19 7 


24 7 



500 

35 0 

22 9 


29 8 

27 3 


1,000 

69 0 

27 2 


37 3 

33 6 


1,250 

86 0 

28 6 



35 7 

33 6 

3,000 

205 

34 1 



44 5 

41 6 

3,500 

239 

35 1 



46 4 

42 8 


We are told that because of cooling in the intercooler, two-stage 
compression requires about 12 per cent less horsepower when 
compressing to 100 psi than single-stage does. Suppose we 
investigate the volumetric efficiency and consider the amount of 
air actually delivered by each machine. We know that volu¬ 
metric efficiency, which is a function of compression ratio, is 
much higher in a two-stage than in a single-stage machine. The 
volumetric efficiency of the 14 by 13 is actually about 71 per 
cent, so that this compressor delivers only 445 cu ft. By dividing 
95 hp by 445 we find that the single-stage machine requires 0.213 
hp per cu ft actual capacity. The volumetric efficiency of the 
two-stage compressor is about 85 per cent, so that it delivers 
505 cu ft, equivalent to 0.19 hp per cu ft actual capacity; t.e., 
the two*-stage machine requires 0.023 hp less per cu ft discharge, 
or a saving of about 11 per cent. 

In any two-stage compressor, the number of compressions in 
the low-pressure cylinder is theoretically equal to the ratio of 
cylinders. To illustrate, consider a two-stage machine with a 
IT-in. low-pressure .cidinder and a 12-in. high-pressure cylinder, 
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in which the cylinder-area ratio is 2:1. As the high-pressure 
cylinder has only half the volume of the low-pressure cylinder, 
it follows that, as the same amount of air must pass through this 
cylinder, the absolute pressure of the air must be doubled if the 
high-pressure volume is reduced one half. If the ratio of 
cylinders is 3:1, the absolute pressure must be trebled if the 
volume is reduced to one third. In the former case we double 
the atmospheric pressure of 14.7 psi or 29.4 psi abs, which is 
equivalent to 14.7 psi gage. In the latter case, we treble the 
atmospheric pressure of 14.7 psi to 44.1 psi abs, or 29.4 psi gage. 

These pressures are theoretical and could result only if the 
intercooler reduced the temperature of the air to that of the low- 
pressure intake. Actually, however, the high-pressure suction 
temperature depends upon the cooling-water temperature and 
may, therefore, be higher than that of the low-pressure suction. 
To determine the intercooler pressure accurately the theoretical 
value must be corrected for the difference in temperature between 
the low- and high-pressure intake; it is computed thus: 

Intercooler pressure =- ~LPT - 

where R = ratio of cylinders. 

P = absolute intake pressure. 

HPT = h-p intake temperature abs. 

LPT == 1-p intake temperature abs. 

In calculating the cylinder ratio, use care to ascertain whether 
the low- and high-pressure cylinders have approximately the 
same cylinder clearance, and hence about the same volumetric 
efficiency. If one cylinder has an abnormal amount of clearance, 
this will accordingly reduce its effective size. Therefore, when 
the volumetric efficiency of the two cylinders is not approximately 
equal, the cylinder ratio should be obtained thus: 

Cyhnder ratio H PC y( iipy 

where LPC = 1-p cylinder area. 

HPC = h-p cylinder area. 

LPV 1-p volumetric efficiency. 

BPV « h-p volumetric efficiency* 
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Now, to find the volumetric efficiency of this compressor, we 
have only to find the volumetric of the low-pressure 15i by 10-in, 
single-stage cylinder, discharging at 26.6 psi. The discharge 
pressure of 26.6 psi is equivalent to 41.3 psi abs which, divided 
by the absolute pressure of 14.7 psi, gives 2.66 compressions. 

Reexpansion of clearance air follows closer to the adiabatic line 
than to the isothermal. Ten per cent clearance, expanded 
adiabatically through 2.66 compressions, would occupy twice its 
original volume. Other volumetric losses, such as heating the 
air as it enters the intake, must be taken into consideration. 

We know that air expands when it is heated. Naturally, a 
cubic foot of heated air does not weigh as much as one of cool 
air, the weight varying directly 
as the absolute temperature. 

Therefore, we cannot confine as 
much air at high temperature in 
1 cu ft volume as we can at low 
temperature. If the air comes in 
contact with hot surfaces on enter¬ 
ing the cylinder, it will take up 
some of the heat and expand in 
volume. Thus, if 70 F air be¬ 
comes heated 20 deg while enter¬ 
ing the cylinder, the weight of 
air within the cylinder will have been reduced in the ratio of 
530:550, or approximately 4 per cent when the cylinder volume 
is filled. Roughly, each 5 F increase in the air^s temperature 
results in a 1 per cent loss in weight. Since the actual capacity 
of a compressor is measured on the basis of the intake-air tem¬ 
perature, any increase in temperature that occurs as the air 
passes into the cylinder becomes a volumetric loss and contributes 
to an increase in horsepower required per unit of air delivered. 

Further heat losses affecting compressor power input may be 
sustained in the intercooler. The hot air is discharged from th^ 
low-pressure cylinder into the intercooler, where the temperature 
of the air is reduced before entering the second stage. For best 
performance, cooling-water temperature should be at least 20 F 
below the low-pressure intake-air temperature. 

Cooling-water temperature above that of the low-pressure 
mtake will increase compressor power requirements at a fairly 



Fig. 01.—Effects of low intake 
pressure. 
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rapid rate. When air leaves the intercooler at a high tempera¬ 
ture, work done within the high-pressure cylinder is appreciably 
increased. Air confined within a given volume, as in an inter¬ 
cooler, cannot expand when heated and consequently the pressure 
increases as the temperature rises. 

Effects of Leaks.—When leakage occurs past valves or piston 
it results in a definite volumetric loss. Not only the compressed 
air on which energy has been expended to compress it is lost, but 
the hot air leaks from one end of the cylinder to the other which, 
at that time, contains cool air and is just taking suction. The 
incoming air is thereby heated, and compression starts at a higher 
temperature. The final air temperature, therefore, is higher. 
During the next revolution the leakage again occurs, but the 
leakage air’s temperature is slightly higher this time because the 
discharge temperature of the previous stroke is higher. This 
higher temperature results in a still higher discharge tempera¬ 
ture on the next stroke, and thus the effect of the leakage is 
cumulative. 

s/Effect of Altitude.—When the rarefied air at an altitude is com¬ 
pressed, slightly less power is required than when compressing 
the same volume of free air at sea level. This is because the air 
is less dense, or a smaller weight of air is being compressed but 
at a lower intake pressure and therefore through a greater number 
of compressions. 

If it were not for the fact that as the altitude increases, the 
ratio of compression also increases for the same discharge pres¬ 
sure, the horsepower required would fall as the altitude increased. 
Actually, the horsepower at altitudes is slightly greater because 
of the increase in the compression ratio. 

Since the volumetric eflSciency is largely determined by the 
cylinder clearance and compression ratio, let us see what the 
effect of this is. When operating at an altitude the piston will 
travel a greater percentage of its stroke before the inlet valve 
can open, as the reexpansion must extend to a lower pressure 
(dotted line Fig. 61). It follows, then, that the volumetric 
efficiency of a single-stage compressor is lower at an altitude than 
at sea level. 

As the volumetric efficiency of a two-stage compressor is deter¬ 
mined by the compression ratio in the low-pressure cylinder, this 
latter is affected only slightly when operating at an altitude^ 
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therefore its volumetric efficiency is also affected very little— 
less than 1 per cent. 

Since the total ratio of compression is increased at an altitude, 
and the ratio in the low-pressure cylinder remains practically 
the same, it follows that virtually all the increased compression 
must occur in the high-pressure cylinder, thus reducing its 
volumetric. 

With the high-pressure volumetric slightly reduced, when 
operating at an altitude as compared with sea level, the effective 
cylinder ratio increases, thus slightly increasing the intercooler 
pressure and also the compression in the low-pressure cylinder. 

While the cubic feet of actual free-air capacity may be approxi¬ 
mately the same as at sea level, the real amount of air discharged, 
measured either by compressed volume or by weight of air, is 
appreciably smaller, being in fact smaller by ratio of the absolute 
inlet pressures. It follows then that the horsepower per given 
weight of air discharged is greater when operating at an altitude 
than at sea level. 

Free Air Handled.—The volume of free air handled by a com¬ 
pressor is a function of the piston displacement, the volumetric 





Fiq. 62 .—Intake-discharge pressure curve. {Courtesy of Power.) 


efficiency, and the rpm. The motive power provided is based 
on the above factors with little or no spare power included in the' 
motor. Attempting to secure more capacity by increasing the 
speed increases proportionately the power needed, which would 
result in overloading the motor. Increasing the rpm means a 
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greater piston speed, with its lubrication problems and greater 
j^resses imposed on the flywheel, reciprocating parts, and valves. 

More air capacity can also be obtained by raising the intake 
pressure for a given piston displacement. However, raising the 
intake pressure increases the power required by the compressor 
up to a compression ratio ranging from 2.0 to 3.3, the actual peak 
depending on machine characteristics. As the ratio decreases 
the mean effective pressure (mep) inside the cylinder drops and 
power falls off. The curve (Fig. G2) gives a 3.3 compression- 
ratio relation between intake pressure and cylinder mep. Zero 
mep occurs at two points, when intake is at absolute vacuum and 
when the intake pressure equals that of the discharge. A 
decrease in compression ratio improves the volumetric eflficiency 
and increases the output. 

Assume a machine designed to compress air from atmospheric 
pressure to 100 psi. This gives a compression ratio of 7.8 and a 
mep of 41.4 psi. Suppose we supply air from a 20 psi source to 
the compressor intake. The total quantity of air forced into the 
cylinder at this pressure is 20 + 14.7 -r- 14.7 = 2.4 times the 
quantity held at atmospheric pressure. This larger quantity of 
air will reach discharge pressure quicker and the piston will 
have to act against it longer in expelling it from the cylinder. 
Although the compression ratio falls to 3.3, the mep increases to 
49.9 psi, which calls for more power. 

Increase the intake pressure to 31 psi, and the compression 
ratio falls to 2.51 with a mep of 48.3 psi. liaising the intake 
pressure from atmospheric to 20 psi would overload the unit 20 
per cent, whereas raising it to 31 psi causes only a 16.7 per cent 
overload. 

Booster Compressors. —The term booster compressor applies 
to a macMne having its intake at some pressure above atmos¬ 
pheric and discharging at a higher pressure. Both suction and 
discharge pressures might be under 100 psi or they might both 
be several thousand psi pressure. 

Assume the compressor develops its maximum horsepower at 
compression ratios between 2.00 and 2.50. The curves (Fig. 63) 
will be quite flat between these two points, so that the exact 
point where the peak occurs will not matter materially. 

As the intake pressure rises to decrease the compression below 
this figure, the horsepower required begins to recede; likewise, 
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as the intake pressure is reduced, increasing the compression 
beyond the peak, the maximum horsepower required to drive 
will again decrease. Compressors that operate through this 
range of suction pressure should be motored for the peak power 
requirements occurring between 2.00 and 2.50 compression. 



Fig. G.^.—Characteiibfic peak-load curves. {Courtesy of Worthington Pump and 

Machinery Corp.) 


Comparison of Actual and Theoretical Horsepower. —Water 
jacketing brings the compression curve somewhat below the 
adiabatic, but the excess pressure required to force the air through 
valves makes the work done, in compressing and discharging, 
close to that calculated on the assumption of adiabatic compres¬ 
sion for the cylinder of air. 

Several factors that cause the actual to be greater than the 
theoretical horsepower are 

1. Heating of the air during compression, resulting in a steep compression 
line. 

2. Heading of the instake air as it contacts heated parts of the compressor. 

3. Impracticability of removing all the heat in the intercooler. 

4. Leakage past the valves and pistons. 

5. Friction of the air flowing through valves and ports. 

6. Valve slip at the end of a stroke. 

The normal compression line always falls somewhere between 
the true isothermal and adiabatic, and its position is governed 
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by several factors (Fig. 64). A slow-speed compressor with a 
cylinder of small diameter will have a compression line more 
nearly approaching isothermal than one with a large-diameter 
cylinder or one rotating at high speed. The faster the air is 
compressed, the greater the heat developed. The larger the 
cylinder, the poorer the heat transfer between air and cooling 
water. This does not mean that large-cylinder or high-speed 
compressors are inefficient or wasteful, but it does show that these 
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Fig. 64. —Combined card for two-stage compressor. {Courtesy of Worthington 
Pump and Machinery Corp.) 


points must be considered when judging compression lines in 
comparison to true isothermal or adiabatic. If a cylinder 
indicator diagram is made when the machine is new and the 
theoretical lines plotted in, all later diagrams should be similar 
if the machine remains in good condition. 

Power Pulsations.—Further study of the action inside a 
compressor cylinder shows how adding a flywheel on a single- 
cylinder compressor or setting the cranks at 90 deg on a duplex 
machine smooths out power pulsations. Although a steam- 
driven compressor is used as an example, the same conditions 
would apply to any internal-combustion-engine drive and to a 
lesser degree with motor drive. 

Consider Fig. 65A, a single-cylinder steam-driven unit. Dur¬ 
ing the first part of the stroke the energy in the steam cylinder 
(hatched area) is at its greatest, while in the air cylinder com- 
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pression is just beginning, and consequently the resistance is 
least. As the pistons advance, the steam and air pressures 



Fig, 66.—Duplex-compressor operation with cranks at 90 deg, {Courtesy of 

Power,) 


approach a balance until at some point in the stroke steam power 
and air resistance are exactly equal. 

After this neutral point is passed, the ratio of power to resist¬ 

ance decreases until finally, at the end of the stroke steam 
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power is minimum and air resistance is maximum. Excess power 
in the steam cylinder at the beginning of the stroke is stored up 
in the flywheel, increasing its momentum, and returns to the 
shaft during the latter part of the stroke, helping the machine 
over each dead center. 

The duplex compressor is, in effect, two straight-line com¬ 
pressors placed side by side and connected by a common crank¬ 
shaft on which is mounted the flywheel. Putting the cylinders 
A and B together on a common crankshaft with the cranks 90 
deg apart as in C shows the steam pressures and opposed air 



Fig. 66.—Weighted butterfly valve in steam line is tripped by overspeed device 
{Courtesy of Worthington Pump and Machinery Corp.) 


pressures at the beginning of a revolution. Power is in excess of 
resistance in the upper set of cylinders, while in the lower cylinders 
the reverse exists. The surplus power in the upper steam cylin¬ 
ders is applied through the crankshaft to carry the lower half 
over center. 

In D the instantaneous steam and air pressures appear a 
quarter of a revolution later. Here, power is in excess of resist¬ 
ance in the lower cylinders, and minimum power is opposed to 
maximum resistance in the upper cylinders. Assistance is now 
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received by the upper half from the lower half by the transmission 
of the surplus power through the crankshaft as before, 

A quarter of a revolution later Ej the compressor, has begun its 
return stroke, and the conditions are exactly the same as those 
shown in C, but reverse in direction. 

This sequence of operation shows the advantage of using a 
flywheel on a single-cylinder compressor, connecting duplex- 
machine cranks at 90 deg, or mounting steam and internal- 
combustion-engine cylinders at 90 deg with the air cylinders. 

Mechanical Efficiency. —The mechanical efficiency of any 
compressor is at its best when the machine is fully loaded. 
Assume that a 12 by 11 single-stage belted machine, operating 
at 100 psi, requires 62 bhp. Assuming a mechanical efficiency 
of 88 per cent, the air-indicated horsepower would be 54.5, leaving 
7.5 hp as mechanical friction. If the same compressor operated 
at only 40 psi, the air-indicated horsepower would be about 37.5. 
The mechanical friction changes little, regardless of the load. 
It remains 7.5 hp, which, added to the air horsepower, results 
in a total of 45 bhp. It will thus be seen that the mechanical 
efficiency is 83.5 per cent when operating at the reduced load of 
40 psi. Thus the mechanical efficiency falls off with a reduced 
load because of mechanical friction. 

Large steam-driven compressors (Fig. 66), when in first-class 
condition, show a mechanical efficiency, when fully loaded, of 
approximately 90 per cent. Smaller steam-driven machines 
may show slightly lower results, 87 to 90 per cent. Naturally, 
belt-driven or direct-connected compressors show higher mechani¬ 
cal efficiency than steam-driven machines because there are not 
so many running parts to give friction. Such compressors, of 
medium and large size, should' show a mechanical efficiency of 
92 to 93 per cent. 

In belt-driven compressprs the mechanical efficiency does not 
allow for belt friction or slip. As bhp is measured at the com^ 
pressor pulley or shaft, the belt loss is not a part of the com¬ 
pressor friction but is beyond the compressor. It may be stated 
here that in selecting a motor to drive a belted compressor it is 
accepted practice to add about 5 per cent to bhp for belt loss. 

The mechanical efficiency of a direct-connected compressor, 
with the motor mounted on the compressor shaft, is identical 
with that of a belt-driven machine of corresponding size. How- 
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Fig. 67.—Gas-engine drive with oil-cooled power pistons. Compressor uses metallic piston-rod packing, {Courtesy 

of Cooper-Besaemer Corp.) 
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ever, the over-all mechanical efficiency of the compressor and 
motor of a direct-connected set is somewhat better than that of a 
belted set, because in the direct-connected machine, belt loss and 
main-bearing friction are somewhat reduced. The belted unit 
has two sets of bearings, one on the compressor and one on the 
motor. The direct-connected set has only one set of bearings, 
as the compressor bearing also serves for the motor. Figuring 
the belt loss at 5 per cent and the reduced friction of extra bear¬ 
ings as 1 per cent, it can be shown that the over-all mechanical 
efficieny of a direct-connected compressor is about 6 per cent 
higher than a belt-driven one. In addition, the synchronous 
motors, usually used on direct-connected machines, are more 
efficient than induction motors used on belted units. 

The over-all economy of an air-compressor unit depends on 
(1) mechanical construction—the size and proportion of bearings 
and wearing surfaces, the lubrication system, and general design 
of parts; (2) the length and volume of ports in the air cylinder— 
long and restricted inlet-air passages increase losses by throttling 
and heating the incoming air before compression begins; (3) the 
cooling surfaces in water jackets and intercoolers, and the tem¬ 
perature of the cooling water; (4) surrounding conditions—the 
altitude at which the machine is operated and the atmospheric 
temperature; (5) clearance spaces and slippage; (6) economy of 
the power end. 



CHAPTER II 

SELECTING AIR-COMPRESSOR DRIVE 


First Considerations.—Before purchasing an air compressor, 
determine from an economic standpoint what kind of driving 
equipment will best serve plant needs, whether motive power 
will consist of gas (Fig. 67), steam, gasoline (Fig. 68) or diesel- 
engine, turbine, or electric drive. This also means giving full 



Pig. 68.—Gasoline engine with four cylinders used for compressing air. {Courtesy 

of Schramm, Inc,) 

consideration to labor, maintenance and depreciation costs, 
interest on investment, type of compressor, accessory installation, 
and piping and connections- 

Over-all calculations must include future as well as present 
Th^ finst consideration is the amount of air 
70 
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needed for expected operations. The manufacturer of the air- 
operated equipment will furnish this information. The plant 
operating cycle will then determine the load factor of these tools. 

Install Adequate Capacity. —When all air requirements are 
known, increase the figure 50 per cent, then divide the total load 
between a minimum of two compressors. The 50 per cent 
increase represents spare capacity—a reserve that protects the 
production schedule because output can be increased later by 
using air in operations that previously had not been air-operated. 
Since air compressors are mechanical equipment and naturally 
require some maintenance, the plant with at least two com¬ 
pressors is never totally without air during outage of one unit for 
repairs. 


Tabli: 8 —Cost of Coal at $1 per Ton to Compress and Deliver 100 
Cu Ft of Free Air 

Multiply figures by price of coal in dollars per ton; ton = 2,000 lb 


Ihp to deliver 


Lb of hloani per ihp-hr required by the engine 


lUU tliu 

free air 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

16 

0 0457 

0 0495 

0 0533 

0 0572 

0 0610 

0 0034 

0 0680 

0 0724 

0 0762 

0 0800 

18 

0 0514 

0 0557 

0 0000 

0 0043 

0 0686 

0 0714 

0 0772 

0 0814 

0 0857 

0 0900 

20 

0 0570 

0 0019 

0 0667 

0 0714 

0 0762 

0 0793 

0 0857 

0 0904 

0 0952 

0 1000 

22 

0 0627 

0 0681 

0 0733 

0 0785 

0 0838 

0 0872 

0 0943 

0 0995 

0 1047 

0 1100 

24 

0 0084 

0 0743 

0 0800 

0 0857 

[0 0914 

0 0951 

0 1029 

0 1085 

0 1142 

0 1200 

20 

0 0741 

0 0805 

0 0866 

0 0929 

iO 0990 

0 1030 

0 1114 

0 1175 

0 1238 

0 1300 

28 

0 0798 

0 0807 

0 0933 

0 1000 

0 1066 

0 1109 

0 1200 

jO 1266 

0 1334 

0 1400 

30 

0 0855 

0 0929 

0 1000 

0 1071 

0 1142 

0 1189 

0 1285 

0 1357 

0 1429 

0 1500 


Selecting the Prime Mover. —Many factors enter into the 
selection of a prime mover. One of the first should be the price 
of fuel and its availability. Generally, the first thought is for a 
motor-driven installation, but it is best not to arrive at a hasty 
decision. Perhaps a better plan lies in first considering the vari¬ 
ous othel* kinds of motive power. For each of the following 
drivers there is a niche where it is the best possible selection from 
considerations of first cost, operating economy, and reliability: 
(1) steam—either direct-connected steam engine or turbine, (2) 
oil—either diesel or gasoline engine, and (3) gas—either natural 
or manufactured-gas engine. 
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A plant served with electrical energy at reasonable rates, 
having no problems of frequent or prolonged current interrup¬ 
tions and requiring no steam for process work, usually finds 
electric-motor drive best. As a rule, compressors that require 
drivers larger than 100 hp are synchronous-motor-driven, with 
the motor mounted directly on the compressor crankshaft (Fig. 
3). This conserves space and eliminates belt maintenance. 
Usually, smaller units use belt drive to reduce initial investment 
when belt replacements are not extremely expensive. 



Fio. 69.—En bloc construction showing hand-operated clearance valves {Cour¬ 
tesy of Clark Brothers Co , Inc) 


In localities where fuel oil is cheap and readily available, a 
diesel drive (Fig. 69) may be best If there is a plentiful supply 
of coal at a low price or a surplus of available steam, or if con¬ 
siderable steam is needed for process work, steam might be the 
economic answer. An abundant supply of natural gas at 
reasonable cost would indicate using a gas engine as a prime 
mover. 

A fair idea of the relative operating cost of various drives may 
be obtained from stud 5 dng Tables 8, 9, 10, 11, and 12. Power- 
consumption rates of a two-stage unit having an actual delivery 
of approximately 1,500 cfm, compressing from atmosphere at 
sea level to 100 pei are 
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Motor. 372 cu ft per kwhr 

Steam*. 13,600 cu ft per 1,000 lb 

Diesel. 5,600 cu ft per gal 

Gas engine. 30 cu ft per 1,000 Btu 


♦ Based on 150 psi steam, 50 F superheat, and 5 psi back pressure. Increase or decrease 
6 per cent per 25 psi change in steam pressure. 

Study the Fuel Situation. —When studying the fuel situation, 
compute the comparative cost of transforming energy stored up 
in these sources into a given quantity" of compressed air, say 100 
cfm at the required pressure. 

Before using the cost tables, determine the bhp required to 
compress and deliver 100 cfm from curves (Figs. 13 and 14). 
This horsepower varies with the discharge pressure and altitude. 
Mechanical and compression efficiencies of the machine also 
affect the power input, but to a smaller degree. The time 
required to compress this given quantity of air need not be con¬ 
sidered when determining cost from the tables, but the figures 
given must be adjusted to the prevailing prices where the 
compressor plant is located, as follows: 

Steam-engine Drive ,—To obtain the cost of coal, first determine 
the steam consumption and the ihp (indicated horsepower) 
required to compress 100 cfm at the necessary pressure. 


Table 9.— Cost of Fuel Oil in Cents to Compress 100 Cu Ft of Free 

Air 

Oil consumption J pt (about 0.45 lb) per bhp-hr 


Bhp to 
deliver 
inn 

Based on fuel oil with effective heat value of 18,500 Btu per lb 
Price of fuel oil, cents per gal 

lUU 

cfm of 
free air 

3 

4 

5 

6 

7 

8 

1 

10 

16 

0.050 

0.067 

0.083 

0.100 

0.117 

0.133 

0.150 

0.167 

18 

0.056 

0.075 

0.094 

0.113 

0.131 

0.150 

0.169 

0.189 

20 

0.063 

1 0.083 

0.104 

0.125 

0.146 

0.167 

0,188 

0.210 

22 

0.069 

0.092 

0.115 

0.138 

0.160 

0.183 

0.206 

0,230 

24 

0.075 

0.100 

1 0.125 

0.150 

0.175 

0.200 

0.225 

0.251 

26 

0.081 

0.109 

0.136 

0.163 

0.190 

0.217 

0.244 

0.272 

28 

0.088 

0.117 

0.146 

0.175 

0.204 

0.233 

0.262 

0.293 

30 

0.094 

0.125 

0.156 

0.188 

0.219 

0.250 

0.281 

0.314 


Suppose coal costs $1 per ton and each pound evaporates 7 lb 
of water, Befer to Table 8, which gives the cost of coal, based 
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on $1 per ton, to compress and deliver 100 cu ft of free air. If 
the compressor requires 16 hp and uses 24 lb of steam per ihp, 
then the figure found in column 2, line 1 is 0.0457 cent. 


Table 10.— Cost of Gasoline in Cents to Compress and Deliver 100 
Cu Ft OF Free Air 

Gasoline consumption 1 pt (about 0.75 lb) per bhp-hr 


Bhp to 
deliver 
100 
cfm of 
free air 



Price of gasoline, cents per gal 



8 

9 

10 

11 

12 

13 

14 

15 

16 

0.267 

0.300 

0.333 

0.367 

0.400 

0.433 

0.467 

0.500 

18 ‘ 

0.300 

0.338 

0.375 

0.413 

0.450 

0.488 

0.525 

0.563 

20 

0.333 

0.375 

0.416 

0.458 

0.500 

0.542 

0.584 

0.626 

22 

0.367 

0.413 

0.458 

0.504 

0.550 

0.596 

0.642 

0.688 

24 

0.400 

0,450 

0.500 

0.550 

0.600 

0.650 

0.700 

0.750 

26 

0.433 

0.488 

0.542 

0.596 

0.650 

0.705 

0.759 

0.813 

28 

0.467 

0.525 

0.584 

0.642 

0.700 

0.759 

0.gil6 

0.875 

30 

0.500 

0.563 

0.626 

0.688 

0.750 

0.813 

0.875 

0.938 


Table 11, —Cost of Gas in Cents to Compress and Deliver 100 Cu Ft 

OF Free Air 

Based on fuel consumption of 10,000 Btu per bhp-hr 


Bhp to Rate based on 1,000 Btu gas 

deliver Cost of gas in cents per 1,000 cu ft 


IW j 

cfm of 
free air 

1 

10 

15 

20 

25 

30 

35 

40 

45 

16 

0.026 

0.039 1 

0.052 

0.065 

0.078 

0.091 

0.104 

0.117 

18 

0.029 

0.044 i 

0.059 

0,073 

0.088 

0.102 

0.117 

0.132 

20 

0.033 

0.049 

0,065 

0.081 

0.098 

0.114 

! 0.130 

0.146 

22 

0.036 

0.054 

0.072 

0.090 

0.107 

0.125 

0.143 

0.161 

24 

0.039 

0.058 

0.078 

0.097 

0.117 

0.136 

0.156 

0.176 

26 

0.042 

0.063 

0.085 

0.106 

0.127 

0.148 

0.169 

0.190 

28 

0.045 

0.068 

0.091 

0.114 

0.137 

0.159 

0.182 

0.206 

30 

0.049 

0.073 

0.098 

0,122 

0.146 

0.170 

i 

0.195 

0.220 


This gives a basic figure that can be multiplied by the actual 
coal price and the evaporation factor erf the particular steam 
generator. For example, if coed is $4 a ton the cost would be 
4 X 0.0457 = 0,1825 cent. Then, if the boiler evaporates 8 lb 
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of water per lb of coal, ^ X 0.1828 = 0.1599 cent, the cost per 
100 cfm. 

Steam-driven compressors generally prove most economical 
in plants that generate steam for process or for electrical energy. 
Table 13 shows the economics of installing steam-driven com¬ 
pressors to supply the air requirements of a large airplane- 
propeller-manufacturing plant. This plant needed process steam 
that, if generated at higher pressure, would supply, at practically 
no cost, at least half of the compressed air in summer and all 
of it in winter. Because exhaust steam from the compressor 
supplies heating and process, only 10 per cent of the steam cost, 
or 19.1 cents per hr, is chargeable to the compressor. Therefore, 
the cost of 1,000 cu ft of air is 19 (800 X 60) == 4 mills. 

In summer, the plant requires steam only for process work up 
to a maximum of 3,500 lb per hr at 10 psi. At this exhaust 
pressure, the compressor water rate falls to approximately 27 


lb per hp-hr. Then, 

Total hourly steam 4,450 lb 

Process requirements 3,600 lb 

Steam wasted 950 lb 

Cost of steam wasted $0 35 

10 per cent of process steam cost 0 12 

Total hourly operating cost for 48,000 cu ft of air $0 47 
Cost per 1,000 cu ft in summer $0 01 


These figures are based on full compressor load; at partial 
load, there would be no waste steam in summer, thereby further 
cutting operating costs. Considering electric-motor drive on a 
basis of 20.6 hp per 100 cu ft and 92 per cent motor eflSciency, 
6,000 cu ft delivered requires 16.70 kwhr. At 1.4 cents per 
kwhr, the total hourly cost equals 23 cents, or 3.8 cents per 
1000 cu ft. 

Final Selection .—^Based on this analysis, two 800 cfm steam-^ 
driven compressors operating at 165 psi initial steam pressure 
and exhausting to 35 psi were installed, together with one 900 
cfm motor-driven unit. During 7 months of the year the two 
steam-driven machines operate; during the summer months one 
steam-driven unit supplies the base air load and process-steam 
requirements, with the motor-driven unit supplying the balance 
of the air. 
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Dieael-^ngine Drive ,—Assume that the compressor is to be 
driven by a diesel engine requiring approximately the same ihp. 
Table 9 gives the fuel-oil cost to compress 100 cfm of free air at an 
oil consumption of i pt per bhp-hr. With an oil price of 3 cents 
per gal and an ihp of 16, the total cost, obtained from the table, 
is i cent per 100 cfm. 



Load Factor Per Cent 

Fia, 70.—Cost of electricity for compressing air at different load factors. {Cour¬ 
tesy of Power.) 

Gctsoline’-engine Drive .—Table 10 gives the cost of gasoline 
based on a consumption of 1 pt per bhp-hr. This amount will 
not vary greatly, but where there is a variation, the figures given 
in the table should be changed accordingly. If gasoline costs 
8 cents per gal, then line 1, column 2 indicates a cost of 0.267 
cent to deliver 100 cfm of free air at an ihp of 16. 

Gas-engine Drive ,—Table 11 is based on gas having a heating 
value of 1,000 Btu per cu ft. If the gas has a different heat 
content, the figures should be changed proportionately. For 
16 ihp and gas at 10 cents per 1,000 cu ft, the cost would be 
0.026 cent. 

In the operation of the internal-combustion engine, considera¬ 
tion should be given to energy dissipated in the cooling system 
and ihrongh the exhaust and lubricating oil. Some of this 
otherwise waste energy may be reclaimed by heat exchangers for 
certain mnnnfacturing processes or for heating. 
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Oil- or gas-engine-driven equipment serves best when (1) these 
fuels are available at economical rates, (2) it is desirable to have 
a compressed-air system independent of other utilities, or (3) 
installation is in a remote section, such as an oil field or a con¬ 
struction job not served by utihties. 


Table 12— Cost of Electric Curreni in Cents to Compress and 
Deliver 100 Cn Fi oi Free Air 
Based on 100 per cent motor efficiency 


Bhp to 
deliver 


Price of electric curient per kwhr, cents 


luv uim 

of free 

air 

1 

1 5 

2 

2 5 

3 

3 5 

4 

4 5 

5 

16 

0 2 

0 3 

0 4 

0 5 

0 6 

0 7 

0 8 

0 9 

1 0 

18 

0 225 

0 337 

0 45 

0 562 

0 675 

0 787 

0 9 

1 012 

1 125 

20 

0 25 

0 375 

0 5 

0 625 

0 75 : 

0 875 

1 0 

1 125 

1 25 

22 

0 275 

0 412 

0 55 

0 687 

0 825 

0 962 

1 1 

1 237 

1 375 

24 

0 3 

0 45 

0 6 

0 75 

1 0 9 

1 05 

! 1 2 

1 35 

1 1 ^ 

26 

0 325 

0 487 

0 65 

0 812 

0 975 

1 137 

1 3 

1 46 

1 625 

28 

0 35 

0 525 

0 7 

0 875 

1 05 

1 225 

1 4 

1 575 

1 75 

30 

0 375 

0 562 

0 75 

0 937 

1 125 

1 312 

1 5 

1 687 

1 875 


Table 13— Winter Operaiing Cost of 11 X 18/11 X 14 Compressor 


Total air delivery 
Total horsepower 

Steam per hp per hr (165 psi and 35 psi exhaust) 
Total steam per hr 
Air delivered per hr 

Cost of steam, basis 35 cents per 1,000 lb 


800 cfm at 125 psi 
165 

33 lb approx 
5,450 lb 
48,000 cu ft 
SI 91 per hr 


A large manufacturer who needed a compressed-air system 
that was not dependent on the public utility—from which he 
normally bought power, but which could not guarantee unin¬ 
terrupted service during electrical storms—installed diesel- 
engine-driven compressors. These units also have generators 
mounted on the engine shaft. On complete power failure, the 
air compressor may be either wholly or partially unloaded; the 
engine-driven generator then keeps the plant operating until 
utility service is restored. 

J Etectric-^m^tor Drive -—In selecting electric motors, give careful 
study to starting torque, starting current, and suitable flywheel 
effect. The squirrel-cage induction motor usually drives belted 
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and high-speed direct-coupled compressors. The synchronous 
motor is used occasionally, however, even on these’ smaller 
machines because of its capacity for power-factor correction. 

The cost of electricity obtained from Table 12 is based on 100 
per cent motor efficiency. With power at 1 cent per kwhr and a 
compressor requiring 16 bhp, the cost of delivering 100 cfm of 
air would be 0.200 cent. For example, if the current costs 6 
cents per kwhr, then 6 X 0.20 = 1.2 cents to deliver 100 cfm. 
If the motor operates at 90 per cent efficiency, 1.2 -f- 0.90 = 1.33 
cents per 100 cfm. 


Table 14.—Compressor Plant Test Results 


Com¬ 

pressor 

Size 

Speed, 

rpm 

Piston 
displace¬ 
ment, cfm 

Discharge 
air pres¬ 
sure, psi 

Volumetric 
efficiency, 
per cent 

A 

26 by 16i by 18 

185.5 

2,042 5 

100 J 

85.1 

B 

26 by 15i by 18 

185.3 

2,039.7 

100 

86.5 

C 

26 by 15J by 18 

188 

2,070 

100. 

88.0 

D 

25i by 15i by 21 

188 

2,117 

100 

79.2 

E 

22 by 14 by 18 

157.8 

1,241.2 

100 

88.6 


Com¬ 

pressor 

Hp input per 
100 cfm of 
free air 

Kwhr per 1,000 
cu ft of free 
air 

Hp input, 
no load 

Drive 

A 

22.85 

2.85 

53.1 

Direct-connected 

B 

22.75 

2.83 

51.0 

Direct-connected 

C 

23.26 

2.91 

56.6 

Direct-connected 

D 

23.89 

2.99 

60.3 

Direct-connected 

E 

23.7 

2.94 

46.0 

Belted 


Because all motor-driven compressors are constant-speed 
machines, the cost of electricity depends on (1) power efficiency 
or power input per cu ft of air, (2) plant load factor, and (3) rate 
charged for electricity. 

A value for power efficiency must be assumed; it may be 
secured from the manufacturer’s guarantee or taken from test 
data-on an identical compressor. 

The load factor is the ratio of actual air output in a given period 
to the maximum amount the machine could produce in that 
tim^^ Since motor-driven machines run at constant speed 
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loaded or^nloaded, the energy consumed during idling 
ixicreasp energy input per ou ft of air as the load 

fact^ zectric Rates.—Electric rates have the most impor- 
^ bea'*^ upon operating cost. Usually current costs 

cents per kwhr, so many dollars per horsepower or 
kilowatt of maximum demand, or a combination of the two. 
Table 14 gives the results of tests made on five compressors and 
the curves (Fig. 70) illustrate the effect of the load factor on air 



0 10 20 50 40 50 60 70 80 90 100 


Load Fac^■or Per Cent 

Fig. 71.—Total cost of compressing 1,000 cfm of free air at different load factors. 
{Courtesy of Power,) 

cost, based on two methods of energy charge. At low load 
factors the 1-cent rate is better, but it is not so good at higher 
factors. Table 15 gives cost data on another plant consisting 
of two-stage duplex belt-driven compressors having a total actual 
output of 5,065 cfm. The curves (Fig. 71) break these costs down 
in relation to load factors. 

First Cost Smallest. —The question of what kind of air-com¬ 
pressor drive to use depends on a great many variable quantities. 
Each must be worked out individually, taking all local conditions 
into careful consideration as well as striking a working balance 
between first cost and operating cost. The first cost of a com¬ 
pressor is the smallest; operating expenses far exceed the entire 
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first cost of the equipment. Careful selec^ln, 
edge of compressor capacity, and constant^tentio^j 
tenance details all add up to better perfornu^ ^afn- 

all-over economy. ^ 8‘^’eater 

Table 15.—First Cost Compared to Yearl 
First cost 


Cost of the five compressors, including motors and switchboard. .. $31,000 

Piping, aftercooler and air receiver. 3,000 

Building and foundations (land not included). 2,700 

Installing. 2,300 


Total.$39,000 

Yearly cost 

Fixed charges 

Interest on investment $39,000 X 6 per cent == $2,340 

Taxes, 1 per cent on land and building. 200 

Insurance at 20 cents per $100 per year. 78 

Depreciation, at 10 per cent per year. 3,900 


Total yearly fixed charges. $ 6,518 

Operating charges: ' 

Power on basis of load curve giving load factor of 7Si per cent $63,422 
Water, average daily consumption 7,000 ou ft or $200 per month 

at 10 cents per 100 cu ft. 2,400 

Wages, average $400 per month for three 8-hr shifts. 4,800 

Supplies, such as oil, waste, etc., average per month $103. 1,236 

Repairs average per month, $49. 588 

Total operating charges. 72,446 

Total yearly cost. $78,964 


















CHAPTER III 


COMPRESSOR ACCESSORIES 

Accessories such as (1) intake filters and silencers, (2) cooling 
systems, (3) receivers, (4) strainers and separators, (5) moisture 
traps, and (6) protective devices are not usually included in the 
purchase of a compressor. 

Importance of Filters.—Dust and other foreign matter entering 
a compressor cause sticking valves, scored cylinders, and abnor¬ 
mal wear of moving parts. Passing on into distribution lines, 
dirt and grit cause similar damage to tools and valves and con¬ 
taminate certain process work. Filters on the compressor intake 
eliminate these troubles. 



Fig- 72.—Sectional panels and unit air filters. {Courtesy of Air^Maze Corp,) 


From 85 to 95 per cent of the so-called “ carbon'' found in air- 
compressor cylinders is dirt saturated with oil and baked into a 
hard mass. Olie would not consider throwing a handful of dirt 
into the cylinder, yet this is about what is done on machines 
operating without air filters. For example, consider a 2,000 
cfm air compressor and assume it operates at full capacity on an 
average of 10 hr per day, 6 days per week. In one week there 
would pass into the compressor 7,200,000 cu ft of air. 

Air in industrial districts contains from 1 to 4 grains of dirt 
per 1,000 cu ft. If the air contamed only 1 grain per 1,000 cu ft, 
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7,200 grains of dirt would pass into the compressor in 1 week^s 
operation. Assuming the higher figure of 4 grains per cu ft, 
28,800 grains, or over 4 lb, of dirt would be carried into the 
compressor during a week\s operation. Frequently much of the 
dirt carried in air is of an abrasive character. If allowed to get 
into the cylinder it mixes with the lubricating oil and causes 
rapid wear of piston rings, cylinder walls, valves, and other parts. 



•-//v/Zer ce//s 
/ 

/ 


Direction of_ 
air flow 

‘-kr- Directional 
vanes 


Compressed 
air nozzles 



Oil and Centrifugal Action 


@ Traveling Curtain 


Fig. 73. —Centrifugal air-flow unit also acts as a sflencer. Traveling 
curtain cleans itself in oil bath. {Courtesy of American Air FiUor Co,, Inc,) 

Two new identical gasoline engines, one equipped with an air 
filter and the other without, were operated 240 hr. 

After operating in severe dust conditions, careful measurements 
tvere made of the urear on the pistcms, cylinders, and piston 
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and an analysis was made of the carbon deposits. The unpro¬ 
tected engine showed nine times the wear on cylinders, four times 
the wear on the pistons, and ten times the wear on the piston 
rings that the protected engine did. The carbon deposits in the 
engine run without an air filter contained five times more dirt 
than was found in the engine operated on filtered air. The 
unprotected engine was practically worn out, whereas the other 
was in good condition. 

Dirt in the air also causes increased carbon deposits in the 
cylinders and on the piston rings and valves. This, combined 
with increased wear, reduces efficiency and causes increased 
maintenance cost and outage time for repairs. For example, 
the valves on a 5,000 cfrn compressor operating in a railroad 
shop required cleaning every 2 weeks when the air intake was 
unprotected by a filter. After an air filter was installed the only 
attention required was to wipe the valves off once every 6 months. 

Of course, the value of air filters on any installation depends 
upon local conditions. If operation is continuous for 24 hr per 
day where the air is extremely dirty, air filters will more than 
pay for themselves in a single year by the saving in maintenance 
and lubrication cost, increased efficiency, and reduced outage 
time. On the other hand, if operation is intermittent and the 
air is fairly clean, the saving in operating cost made by the 
installation of an air filter may be small. However, experience 
with the protection of many machines has shown that it pays to 
protect. 

Filters and Cleaners. —Viscous-coated filters catch dust by 
passing the air around a series of viscous-coated-metal baffles 
or through closely packed crimped wire (Fig. 72A), Viscous 
impingement filters should not be used where the air contains 
large amounts of lint or in localities subject to heavy dust storms. 

Another type of filter consists of perforated aluminum plates 
with a film on their surfaces. The plates are arranged in frames 
so that the air is passed through the holes in one plate to impinge 
upon the metal between perforations in the following plate. 
In this way the dirt is projected against the film and thus retained, 
while the air changes its direction to flow through orifices in the 
nett plate. By this process the air is cleaned as it passes through 
succesmve plates. The so-called *'dry filters consist of either 
glass wool or special felt cloth supported by wire mesh (Fig. 74). 
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Small centrifugal filters remove dirt by whirling the air around 
the inside wall of the circular intake chamber. Combinations 
of the viscous-impingement and centrifugal principle are also 

used. In these the air receives a pri¬ 
mary cleaning by centrifugal action, 
the dirt collects in an oil pool, and 
the air then passes through an 
impingement filter (Fig. 72B). 

The large design (Fig. 73A) takes 
air in through a screened opening 
and passes it down between two outer 
walls to strike the oil surface at the 
bottom. Heavy dust particles settle 
on the oil as the air continues upward 
through vane openings that give it 
and the entrapped oil a whirling motion. Centrifugal force 
throws the lighter dirt with oil to the side wall. Passing through 



Fig. 76.—Large-capacity units composed of group panels. 


another series of vane openings, the air whirls faster, throwing 
the remaining dirt and oil into a basin around the side. Oil and 
dirt flow down an inner wall passage and air continues up through 
the filter cells to the compressor inlet. Changing the direction 
of air flow and expanding and contracting the air stream as it 
flows through the filter sileace any intake nmses made by 4he 
oomprosBor. 
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The self-cleaning filter (Fig. 73B) consists of two endless 
curtains made from panels of bronze cloth, backed by successive 
layers of metallic mesh. The front curtain moves down into an 
oil bath, allowing large particles of dirt to settle to the bottom 
of the basin. Emerging from the oil, the curtain moves up to 
act as a second filter while a compressed-air spray removes excess 
oil from it. The third filter (second curtain) moves down but 
does not enter the oil. Continuing around the lower sprocket, 
another air spray cleans the second curtain as it moves up to the 
final or fourth filter stage. 

Each panel A (Figs. 72 and 74) forms a complete unit. The 
number of units used depends on the filtering capacity needed 
(Fig. 75); e.g.^ if it requires 1 sq in. of panel surface for every 
2 cfm of air, a 20,000 cfm compressor plant will require 10,000 
sq in. of filter surface. 

Air washers can also be used for large installations. In these 
the air first passes through atomized water sprays. Leaving 
the spray chamber, the air passes between corrugated-metal 
sheets kept flooded with a film of water, so that the dirt which 
has been wet by the spray is thrown against the sheets and washed 
to the settling basin below. Any unabsorbed moisture in the air 
leaving the washer is removed between dry corrugated plates. 

Cleaning.—Intake filters must be cleaned often enough to 
remove dirt before restriction of the intake occurs. Local 
conditions determine the frequency of cleaning; weekly inspec¬ 
tions expose conditions before they become serious. The method 
of cleaning depends on the type of filter. 

Air Cooling.—If the free air is effectively cleaned before it 
enters the compressor, there usually remains only the problem 
of removing moisture and atomized oil. 

The amount of water vapor that can be present at a given tem¬ 
perature in a given space is independent of the other gases present. 
For example, 1,000 cu ft of free air at 70 F and 100 per cent rela¬ 
tive humidity contains 1.15 lb of water vapor (Fig. 76). If this 
air is compressed to 100 psi gage pressure and cooled to its original 
temperature, it will then contain saturated water vapor weighing 
only 0.15 lb, because the air volume has been reduced from 1,000 
to 128 cu ft. The difference in the weight of water vapor under 
the two conditions, 1,16 0.16 = 1 lb, is precipitated from the 

air as water. 



Lb. of Moisfure per 1000Cu. Ft. of Sa+urated Free 
Air or Gas at 14,7 Lb. Abs. and Temp. Shown 
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Fio. 77.—Intercooler tubes expanded into tube sheet. 

about 710 lb of water vapor each day (0.64 X 1.15), If fhe aSx 
is tompressed to 100 psi and cooled to its original temperature, 
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only about 16 per cent of the vapor remains in the air, so that 
about 596 lb will be deposited as water in the different parts of 
the compressed-air system, such as intercoolers, aftercoolers, 
receivers, and pipe lines. 

When air carries water into tools and other devices that require 
lubrication, the water washes away the lubricant and causes 
excessive wear and maintenance. Because of inadequate lubri¬ 
cation, the equipment operates unsatisfactorily and its efficiency 
decreases. Water in compressed air also causes water hammer 
in pipe lines and reduces their carrying capacity by collecting at 
low points. It may freeze and burst the pipes in cold weather. 

Dry-air Delivery. —The only way to deliver dry air to pipe 
lines and tools is to prevent the formation of liquid particles 



Fig. 78, —Intercooler equipped with float-operated condensate dram. (^Courtesy 
of Ingernoll-Rand Co.) 

during transit by precooling the air to such a temperature that 
further cooling in the line is impossible. For such complete 
cooling and drying, the air must be cooled to a temperature as 
low as or lower than it will reach in the line. 

Air as it passes through the compressor takes up atomized oil 
and carries it along. The oil, if not removed, goes into pipe lines 
and comes in contact with rubber gaskets and hose lines, which 
it will damage. Oil is also objectionable in compressed air used 
for paint spraying, cleaning electrical machinery, and agitating 
liquids. 

The place to begin removing oil and moisture is at the com¬ 
pressor inter and aftercooler. (Intercoolers are not classed as 
accessories but since they belong in the cooling system they will 
be discussed here.) Coolers consist of a nest of tubes expanded 
iuto two beads (Fig. 77) supported inside a steel shell, Figure 
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78 illustrates a typical unit intercooler, Fig 79^ a single-, and 
Fig. 79 jB, a double-shell aftercooler One tube head is fastened 
solidly in the shell while the other floats free to allow for tube 
expansion and contraction. The arrangement (Fig 80) elimi¬ 
nates the floating head by inserting an inlet tube, leading from 
one tube head concentrically into a larger outlet tube. The latter 
is closed at its far end, then connects to a different tube sheet, 
allowing one end of each tube to float free. 



Atmospheric air coolers consist of finned tubes to give greater 
cooling surface. Used mostly on air-cooled compressors, they 
eliminate the need of a cooling-water supply. 

Cooler Operation.—^Air coolers serve (1) to cool the air and 
condense water vapor and oil, and (2) when used as intercoolers 
on multistage units, to reduce the total power required to com¬ 
press the air* 
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Economies of cooling depend on (1) the temperature and 
quantity of the cooling medium; (2) the amount of and cleanliness 


^ter oufht 



irRow- w'^fer 
pump 


^ 0/7 cooler 1 ^ ^ 

I ^^’'Dratn 

Fiq. 81.—Heat exchanger for power-cylinder cooling and raw water for com¬ 
pressor. {Courteey of IngerBoiU-Rand Co.) 

of the cooling surface; and (3) the degree of intimate contact 
between the air on one side of the separating barrier and the 
cooling medium on the other side. Coolers are available that 
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cool the air down to temperatures from 15 to 2 F above that of 
the cooling water. 



Water, under turbulent flow, swirls and boils in passing through 
the tubes or jacket and sweeps the warm water away, from the 
nretm surfaces, replacing it with cooler water; this mixing action 
continues until the water flows out the discharge, 
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inserted in compressed-air passages produce turbulence by 
destroying any tendency to stratified layer flow. Countercur¬ 
rent flow, or feeding the water into the cooler in a direction 
opposite to that of the air, produces the coolest discharge air 
because it brings the coolest water in contact with the outgoing 
air. 

Division of the tube nest into groups of tubes passes the water 
back and forth through the cooler several times before discharging 
it. Bulkheads or partitions cast integral with both shell heads 
bear against respective tube sheets and serve as circulating 
pockets for backflow through the next group of tubes. 



Fig. 84.—Cooling-tower recirculating system is not recommended. {Courtesy of 

Ingersoll-Rand Co.) 


Good cooler design includes a water leg and drain connection to 
catch and discharge moisture condensed as the air cools. Con¬ 
nections to the air compartment should permit installing a 
pressure gage, a safety valve, and an interstage unloader if one 
is used. 

When the cost of cooling water is high, it is frequently advisable 
to put in a cooling system that permits reusing the water. This 
may be in the form of an evaporative aftercooler that occupies a 
relatively sihall space, or a closed cooling system may be used. 
Figure 81 illustrates a closed system with a heat exchanger 
furnishing soft water for power cylinders with raw water going 
to the compressor; Fig. 82, a closed system with a pipe coil in 
the cooling tower furnishing soft water to both power and com¬ 
pressor cylinders; Fig. 83, a regular open system; and Fig. 84 an 
open system with an atmospheric cooling tower. 
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Air Receivers. —The chief functions of a receiver are to 
dampen pulsations or pressure waves created by the intermittent 
compressor discharge and to furnish reserve air capacity. If the 
receiver is too small, pressure waves will acquire considerable 
amplitude and increase the power consumption. 

A large receiver will not assure minimum pressure waves if the 
discharge pipe is too small or contains many bends. Experience 
dictates that, for double-acting compressors running between 
200 and 400 rpm, the combined receiver and discharge-pipe 
volume should be approximately twenty times the high-pressure 
cylinder displacement per revolution. Recommended sizes of 
receivers are given in Table 16. 


Tabll 16.—ASME Standard Air Receivers 


Dia, 

in. 

1 

Length, 

ft 

Actual com¬ 
pressor 
capacity for 
which 
receiver is 
suited, cfm 
of free air* 

Safety 

valves 

Vol¬ 
ume, 
cu ft 

Types of ppening 
for cleaning 

No. 

Dia, 

in. 

14 

4 

60 

1 

i 

45 

Openings for inspec¬ 

18 

6 

95 

1 

1 

11 

tion and cleaning 

24 

6 

185 

1 

li 

19 

are required and 

30 

7 

305 

1 

2 

34 

must meet speci¬ 

36 

8 

1 450 

1 

2i 

57 

fications of ASME 

42 

10 

640 

1 

1 3 

96 

code for unfired 

48 

12 

1,275 

2 

3 

151 

pressure vessels 

54 

14 

1,900 

3 

3 

223 


60 

14 

3,000 

3 

3 

275 


66 

18 

4,500 

3 

3 

428 



* For automatic start-and-etop service, extra-large receivers are recommended to avoid 
starting too frequently. 


Since most air-compressor plants furnish air for intermittent 
use, there will be periods of peak demand when simultaneous use 
at all points requires more air than the compressor can provide. 
Without a receiver, the pressure would fall almost instantly, 
causing serious interruption to service. 

Large receivers installed at the end bf long or undeimsed( 
distribuUon systems, where the maximum air use exceeds the 
liup Rapacity, imprpve <^>eratmg conditions considerably. 
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Regulation or control of compressor output depends upon 
slight pressure changes alternately to load and unload the unit, 



Correct Incorrect 

Fig. 85.—Stand vertical receivers so that moisture does not lie in the head seams. 



Fig. 86.—Air-receiver foot keeps it away from moisture lying on the concrete. 
{Courtesy of Worthington Pump apd Machinery Corp.) 

pr to vary the operating speed, which in turn varies the com- 
IMessor output. Without suflScient receiver capacity these 
changes occur so frequently as to cause unnecessary wear on 
regulating devices. 
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Considerable danger arises from using air receivers of unsound 
or questionable construction. The Compressed Air Institute 
endorses only those air receivers that meet ASME code require¬ 
ments and has standardized on the sizes and capacities given in 
Table 16 for discharge pressures up to 125 psi. Receivers up to 
42 in. by 10 ft, inclusive, have screw openings; 48 in. by 12 ft and 
larger have flanged openings. Vertical receivers must have a 
base to raise them 6 in. above the floor to permit the inspector's 
hammer test. Always mount vertical receivers as shown in 
Fig. 85A to permit complete drainage. Figure 85JB is incorrect 
because it permits moisture to deposit at the seam between the 
side wall and head. 



Fig. 87.—Separators contain impingement plates that stop moisture particles. 

{Courtesy of Cochrane Corp. and W. H. Nicholson & Co.) 

Receivers are furnished complete with spring-loaded safety 
valves, pressure gage, handholes or manhole, drain valve and 
nipple, and base for vertical mounting. Figure 86 shows a 
vertical-mounted receiver complete with aftercooler and piping. 

Strainers and Separators. —Aftercoolers remove excess mois¬ 
ture and oil only in proportion to their ability to lower the air 
temperature. Air leaving the aftercooler still remains saturated; 
any further cooling causes additional precipitation of moisture. 

To remove the dirt and moisture not taken out by the inter¬ 
coolers and aftercoolers, a separator must be inserted in the lines 
where the air is used. The first precaution is to design and 
install the pipe line properly. All air-piping systems should be 
tmiformly sloped in the direction of flow insofar as possible, and 
low points should be properly drained. If the lines are not 
properly drained, water will accumulate, restrict the flow, and 
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cause an unnecessary pressure loss. In cold weather it may 
freeze. 

Devices that remove this water before it reaches tools or process 
include water legs, separators, and strainers. The amount of 
moisture that can be tolerated determines which of the three 



Fig. 88.—Changing the direction of flow throws out moisture. {Courtesy of 
The Johnson Corp, and Leavitt Machine Co.) 


devices to use: water legs and separators remove heavy liquid 
particles; straipers, depending on internal design, take care of 
foreign matter and small particles of suspended moisture and oil. 

A separator cannot lower the air temperature and therefore 
cannot cause it to release water vapor. Before a separator can 
function the vat)or must condense. In some conditions of 
temperature apd velocity a mist of vapor particles may be carried 
suspended in the air 'with little or no tendency to fall, until a 
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change in conditions causes them to unite as flowing liquid. 
Separators produce these changed conditions through centrifugal 
force or velocity of flow. 



Fig. 92. —Porous-stone filters for removing moisture and oil. {Courtesy of 

Fisher Governor Co.) 


Changing the direction of air flow (Figs. 87 and 88) while 
moisture globules continue straight ahead to strike on a baffle, or 


giving the air a whirling motion (Fig. 
89) throws the moisture particles out 
of the air stream. Some designs use a 
converging nozzle to increase the air’s 
velocity as it follows a whirling path. 

The unit in Fig. 90 employs cen¬ 
trifugal force through four multiblade 
rotors. Air velocity rotates the impel¬ 
lers in opposite directions at high 
speed, as indicated by the arrows. 
Moisture, dirt, and oil are thrown to 
the outer wall where they fall to the 
chamber below. Filter units employ 
felt disks (Fig. 91) or porous stone cups 
or disks (Fig. 92). 

Moisture Traps. —^Traps are nothing 
more than automatic valves placed at 
separators and drain pockets to dis¬ 
charge condensed moisture. The oper¬ 



ating device consists of an inverted bucket (Fig, 93) or a 


float (Fig. 94). Discharge can be either continuous or 


intermittmi 
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Since considerable air may be lost through continuous discharge 
and since condensation is not as rapid as in steam lines, an inter¬ 
mittent-discharge trap serves best for compressed air. Always 
fill the inverted-bucket trap chamber with water before placing 
it in service. When the air contains only small amounts of 
moisture, the trap may require a periodic priming to prevent air 
blowing through. 



binding in trap. 

When a considerable length of horizontal pipe, with insufficient 
pitch for good gravity drainage, must be installed between the 
trap and the equipment it drains, or when this pipe must run 
below trap-inlet level, water may be unable to reach the trap 
because of air pocketed in the trap body. If this occurs, run a 
vent line from the trap body to a high point in the main air line 
(Fig. 95). 

The inverted-bucket trap (Fig. 93) should be equipped with a 
check valve on the inlet to prevent loss of prime. Locating the 
discharge valve at the top of the trap body keeps it clear of dirt 
that settles in the bottom. Air loss through the vent hole is 
small—5 to 7 cu ft of free air per hr. 

The snap-action float trap (Fig. 96) has an intermittent instan¬ 
taneous action by a float connection to a short valve lever 
throui^ a flat strip of stainless spring steel. In the closed posi-* 
tion this spring is bowed downward, As water enterS; the float 
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rises and stores up energy in the spring. Just before the float 
reaches the upper limit of travel, the spring bends past dead 
center and the stored energy snaps the valve wide open. As the 
water level drops the cycle is reversed and the valve snaps shut. 

Water entering the trap (Fig. 94) raises the float to its highest 
point of travel, where it releases the weight latch. The weight 
then falls and raises the valve from its seat instantly. The valve 


I 



I 


Fig. 96.—Snap-action float. 

remains open until water discharge lowers the float to its lowest 
position. The latch then engages the weight, which has been 
lifted by the falling float, and the link latch disengages, permitting 
the discharge valve to close instantly. 

Protective Devices. —These devices, discussed more fully in 
Chap. VI, Installing the Compressor, consist of (1) safety and 
relief valves, (2) oil filters, (3) overspeed shutdown, (4) oil- 
pressure shutdown, (5) automatic water valves, (6) high-pressure 
shutdown, (7) high-temperature shutdown, (8) main-bearing 
temperature alarm, and (9) recording discharge-pressure gage. 



CHAPTER IV 


COMPRESSOR LOAD CONTROL 

Variations of Load Control. —Since the demand for compressed 
air usually varies widely, the compressor must be provided with 



Fia. 97.—Pump forces oil under plunger to raise rack and move cutoff valve. 
{Cauriesy of IngersoU^Rand Ipo.) 

m^iQS for <^iaiiging the voliuue of air compress^ m order to 
mamtain a relatively comtant discharge pressure. This , is 
acetaaidished by (1) pperatmg at varying ^weds to suit the 

.■I ■ H 
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demand (steam and internal-combustion-engine or d-c-motor 
drive); (2) operating at constant speed, with automatic or hand- 
operated unloaders built into the compressors; (3) variations or 
combinations of these general forms of control. 

Steam- and internal-combustion-engine-driven compressors 
are usually provided with combination speed and pressure 
governors which vary the capacity by changing the compressor 
speed. Such governors arc available in two forms: 

1. Throttling type, which adjusts the compressor speed by varying the 
steam or fuel admitted to power cylinders, throttling it as the discharge air 
pressure rises. 

2 Automatic-cutoff type, which varies compressor speed by varying the 
point of cutoff in the steam valve. 



Fig. 98.—Crosshead overspeed trips weight-operated butterfly valve. {Courtesy 
of IngeraolURand Co,) 


Motor-driven and other constant-speed compressors are usually 
provided with either of these general types of capacity control: 

1. Constant-speed unloaders, which decrease the compressor capacity 
automatically in one or more steps while the compressor continues to oper¬ 
ate at normal speed. 

2. Automatic start-and-stop control, in which an automatic starter and 
pressure switch start and stop the motor within definite pressure limits. 
This control is recommended only when there is no demand for air for fairiy 
long periods of time, because it does not regulate the pressure closely. 

3. Dual control, a combination of oonstantHS^E^eed and automatic^iart- 
and«atop control. 
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Constant-speed load regulation can take either of these general 
forms: 

1. Intake control, unloading the cylinder by closing the intake 

2. Free-air control, holding the inlet valves off their seats, thus permit¬ 
ting air to pass into and out of the cylinder without being compressed. 

3. Clearance control, varying compressor output by changing the amount 
of clearance volume in the cylindiT. 



Fig. 99.—Flyball speed governor with air-operated pilot attachment for unload¬ 
ing. {Courtesy of Chicago Pneumatic Tool Co.) 


Regardless of how a constant-speed compressor loads or unloads 
while running, its control always incorporates some means for 
unloading during the start-and-stop period. 

Variable-speed Control.—The governor (Fig. .97) rotates the 
cutoff steam-valve stem, which changes the cutoff and thus 
varies the compressor speed. This is accomplished by raising 
or lowering the rack and weight B by a varying oil pressure under 
the plunger. The amount of this pressure variation is the result¬ 
ant of two separate controls acting simultaneously. 

Oil supplied by pump chain-driven from the main shaft, 
a pressure acting under the governor plunger. Any 
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variation in steam pressure tending to change the compressor 
speed IS instantly reflected in an increase or decrease in this oil 
pressure, causing a movement of the weight and rack which 
rotates the cutoft-valve pinion and changes the cutoff to restore 
the speed 



Fig. 101.—Automatic clearance-pockct valves. 

Variations in air demand affect the oil pressure by means of a 
diaphragm-operated valve D which by-passes a portion of the oil 
flow. The change in oil pressure, effected by these two distinct 
methods of regulation acting in unison, controls the speed 
according to the load demand and compensates for var 3 dng steam 
cooditioDs. 
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A positive weight-actuated safety stop, similar to Fig. 66A, 
located ahead of the throttle valve and operated by an inertia 
slide on the crosshead (Fig. 98), is used with automatic-cutoff 
governors to shut off the steam supply should the compressor 
exceed a safe speed. The trip rod A passes through and is sup¬ 
ported by two bosses on the crosshead-pin cap 5. The trip-rod 
shoulder is held against the left-hand boss by tension of the 
spring C. Thus the trip rod can move, in relation to the cross¬ 
head, in one direction only when some force overcomes the spring 
tension. 


Conned fo mier-- 
cooler relief valve 



Compressor mfake — 


Fig. 104.—Unloader operatea to close compressor intake. 


When the compressor reaches the maximum speed for which the 
spring C is set, the trip rod, because of its inertia, moves and 
strikes the lower part of the arm E, This motion is transmitted 
through the shaft to the upper arm F and thence through latch 
rod H to the latch L Movement of latch I allows the outside 
lever J to drop, thereby closing the valve and shutting off the 
steam supply. 

The cross-compound-engine-driven compressor (Fig. 2) uses 
three separate governors: a mechanical one for overspeed protec¬ 
tion; another controlled by air pressure for speed regulation, both 
ConteCoUing the high-pressure-cylinder throttle valve; and a third 
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wumuh 
mu/mm 


goveraor, also actuated by air pressure, which controls live-steam 
admission to the low-pressure cylinder. The latter governor 
prevents the unit from stopping on dead center when extremely 
low system requirements result in low compressor speeds. 

Connections for throttling control of a steam-driven com¬ 
pressor are shown in Fig. 99. The unloader valve A is held 

against its seat on the unloader 
650 cap by tension of the spring. 

When receiver pressure reaches 
the unloading point, the valve 
is forced away from its seat, 
allowing air to flow into the pipe 
500 connection on the side of the 
unloader. Here the air divides, 
part passing through pipe B to 
j the compressor inlet valves, and 
“ the other part passing into cylin- 
350 2 der C to raise yoke D. This 

I forces the governor-valve stem 

300 £ downward, closing the valve and 
^ throttling the steam supply. 

The extent of yoke travel and 
200 the amount which the governor 
valve closes during unloaded 
periods can be regulated by the 
100 position of stop screw E attached 

to the yoke and traveling up and 
50 down through a lug on the gover¬ 
nor frame. 

® When the air pressure falls, 

when’ o'ompTe^srd’aSatifaiit valve A is forced to its Seat by the 
(Courtesy of Allis-Chalmera Manun spring, allowing air from pipe 

factunng Co.) q cylinder C to escape to 

the atmosphere through the exhaust opening (not shown) in the 
unloader body. As air escapes from cylinder C, springs draw 
the yoke and piston downward, opening the governor valve and 
increasing the compressor speed. CyUnder C should be kept 


vmmm 

mmm 

mmm 



iSBr 



filled with steam-cylinder dl to a height just below the air- 
CTitrance pipe so that it will act as a dashpot to dampm governor 
action. 
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Constant-speed Control.—When compressors operate at con¬ 
stant speed, the output must be controlled by starting and stop- 

Contro! 



Fio. 107.—Bellows-operated veilve Ufter. 


ping, or by automatically regulating the amount of free air 
entering the cylinder. 









108 


AIR COMPRESSORS 


Most compressors supply a changing load and, to hold a con¬ 
stant delivery pressure, the machine must be loaded in proportion 
to air demand. Most loading-control systems act to operate the 



Fig 108 —Plunger-operated valve lifter 



Fig. 109 —Diaphragm-operated valve lifter. 


compressor at 100, 75, 50,25, and 0 per cent of full load, or at one 
or more combinations of these percentages. To regulate through 
«dl these steps naturally requires more control equipment than 
for cme- or two-step unloading. The actual unloa^ng is accom¬ 
plished by closing the intake, holding open the inlet valfe at 
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Fig 110—Weight-loaded diaphragm operated mercoid unloading switches 
{Courtesy of Gardner-Denver Company ) 

pocket or moving the adjustable head away from the cylinder 
bore increases the cylinder volume to such an extent that full out¬ 
put can no longer be discharged A clearance pocket gives a 
marked reduction m output (note the battery of manually oper¬ 
ated clearance-pocket compressors in Fig 102); a movable 
cylinder head gives almost micrometer adjustment of discharge. 

Inlet-valve unloading gives the greatest change because the 
output falls practically to zero when the valve or valves are held 
open. A special inlet by-pass valve (Fig. 103), reduces output 
as well as holding the in|et valve open. 
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Total closure of the inlet cuts off all air flow (Fig. 104), forming 
a vacuum inside the cylinder and reducing the power input to 
that needed for sweeping the piston back and forth against the 
friction load. Partial closing of the intake has the same effect 
as moving the compressor to a high altitude, and manufacturers 


,Air exhausi' 



Fig. 112.—Pilot valve controls air to compressor inlet-valve unloader and 
engine-speed reducer. 

caution against it because throttling the incoming air causes low 
suction pressure, increases the compression ratio, and results in 
high internal .temperatures. Assume the intake throttled so that 
the cylinder is filled with 70 F air at 10 psi abs at the start of 
compression. Figure 105 gives the final temperature (adiabatic) 
as 674 F if the air is compressed to 115 psi abs. 

Adaptation of Methods ,—Methods of load control used by 
different manufacturers vary; frequently one builder uses all 
possible methods, adapting a different one for each compressor 
design* A combination of clearance pocket and open inlet-valve 
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control (Fig. 106) gives a flexible loading on a compressor of some 
particular size. In another machine, 
manually raising the inlet-valve assembly 
adjusts the crank end, and the movable 
cylinder head changes front-end clearance. 

Although a few machines incorporate 
manually operated load control, automatic 
pneumatically operated unloading systems 
predominate. Actuating operators, 
mechanisms that force the valves open 
or closed, receive actuating force from an 
air-operated bellows (Fig. 107), piston 
(Fig. 108), or diaphragm (Fig. 109). 
Either electrically or air-operated valves 
control the air supply to compressor-valve 
operators. Over-all governing takes place 
in a pressure switch oi" air relay. 
Electrical governing usually requires a 
separate switch (Fig. 110) to energize 
each individual solenoid-operated valve 
for every loading step. 

The master control (Fig. 110) consists 
essentially of a weighted lever balanced by receiver-air pressure 
under a diaphragm. This lever, through a link, oscillates a shaft 



Fig. 113.—Pilot valve 
with hand trip. 
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Driving pulley* 

Fia. 115.—Belt-drive^ centrifugal unloader. 


Cards Show 5-Step Unloading 
Low*pressure cylinder High-pressure cylinder 



Zeno iood 

Fio. 116,—Indicator cards illuBtrate five-step unloading. {Courtesy of Worthing* 
Um Pump and Machinery Corp.) 
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that carries mercury tubes to make and break electrical circuits 
for the solenoids. 




Time Intervals (min.) 

Fia, 117,—Typical power curves based on 621 per cent compressor load. 
{Couftesy of Worthington Pump and Machinery Corp.) 

Each solenoid operates a three-way valve that admits air to 
operate one set of suction unloading valves (for three-step control) 
or one set of clearance-pocket valves (for five-step control). If 
the lever is in balance at a certain air pressure, a slight increase 
in pressure causes the mercury tube to break the solenoid circuit, 
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which causes a reduction in the compressor output. Conversely, 
a slight decrease in pressure will cause an increase in compressor 
output. This controller incorporates a recycling switch to pro¬ 
vide a fairly even distribution of operation and wear on all 
clearance-pocket valves. 

Diaphragm or bellows governors move a pilot piston (Fig. Ill) 
to uncover progressive ports supplying air to each step-control 



Fig. 118. Pressure diaphragm engages ratchets that rotate camshaft and close 

the contacts. 


valve operator. The main governor may be a contact-making 
Bourdon tube, a bellows-operated pressure switch, a diaphragm 
and weighted arm, a spring-opposed pilot valve (Fig. 112), or an 
unbalanced spring-loaded plunger (Figs. 113 and 114). 

The pilot valve (Fig. 113) us^ to operate an inlet-valve 
unloader is simple in construction and easily adjusted. The 
piston is a loose fit in the body and has but a slight movement 
as it flips from one seat to the other. Pressure adjustment is 







116 


AIR COMPRESSORS 


made by screwing up on a setscrew at the extreme lower end of 
the pilot valve for higher pressures. The range between unload- 



Fio. 119.—Two controllers, properly wired, serve to unload three compressors. 



ing and loading pressures is regulated by var3ring the active 
number of working coils in the spring. Turning up rm the 
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adjuster which engages this spring gives close range correspond¬ 
ing to an unloaded period of 3 to 4 psi drop, and screwing out the 
adjuster gives a range of 10 psi or more. The small lever provides 
manual operation so that the compressor can be unloaded for 
starting when air pressure is available. 

Manual operation can be eliminated by fitting the pilot with a 
diaphragm connected to a stem that throws the pilot piston to 
the unloaded position. Air from a solenoid-operated valve, 





Fig. 121. —Cooling-water-control valve. Air pressure depresses small dia¬ 
phragm which admits water pressure to large diaphragm. {Courtesy of Ingersoll- 
Rand Co.) 


energized at the time of starting the motor, supplies the air to 
these diaphragms. 

Practical Applications. —To make an unloading system practi¬ 
cal, loading must be prevented until the machine approaches or 
reaches normal speed. Load release upon interruption of driving 
power permits the unit to coast smoothly to rest. Means to 
accomplish this range from a centrifugal-operated pilot valve 
(Fig. 115) to numerous electrical devices. A definite-time delay 
relay, a current relay (for induction motors), or a field relay, con¬ 
nected in the closed-field circuit of synchronous motors during the 
Starting period, controls a solenoid-operated pilot (Fig. Ill) 
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The fly ball regulator (Fig. 115) is driven from a pulley on the 
compressor crankshaft. The rotating spindle A carries the pulley 
and flyballs. The bearing at the outer end of the spindle shaft 
transmits flyball action to lever B, By means of this lever and 
pin C, the flyballs control the single ball valve D. 

When the compressor is idle, the fl^'balls are held in by the 
spring E and the ball valve is pushed onto its seat by the 
spring F, This closes the exhaust connection and puts full 
receiver pressure on the unloader connection. 


/Oufer Joe kef v/all 



When the compressor comes up to speed, the flyballs are thrown 
outward and push the ball valve off its seat, thereby shutting off 
receiver pressure and exhausting pressure from the unloaders. 
The regulator operates at 500 rpm and the pulleys must be 
arranged accordingly to fit different compressor speeds. If the 
compressor loads before it comes up to speed, turn the adjusting 
screw G clockwise; if it fails to load at full speed, turn the adjust¬ 
ing screw counterclockwise. 

Many plants use synchronous-mptor-driven compressors to 
gain the advantage of power-factor correction by overexciting 
the motor. The machine then operates continuously and the 
compressor load varies according to system requirements. While 
continuous running does require a certain amount of power to 
overcome funning friction, no great amount of power loss appears 
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126,—*Comidete unloading system for cylmders and intercooler for automatic start-and-stop operation. {Courtesy of Ingersoll- 

Rand Co ) 
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in the air cylinder when the machine operates unloaded. Loss 
of efficiency occurring during partial and full unloaded operation 
varies with the size of the machine because of the friction pf 
moving parts. The series of indicator diagrams taken with a 
five-step clearance-pocket unloader (Fig. 116) shows how the air 
load falls off when the macliine unloads and indicated the small 
air-power loss at zero load. 


'^Sucfjon vahes-i 



Clearance Pocket 
1007o Capacity 


75% Capocity 
(Clearance Pocket 
Open) 



Open Head End 
Crank End on Clear- 
on ce Pocket) 



0% Capacity 
(Suction Valves Held 
Open Both Ends) 


50 /o Capacity 
(Suction Valves Held 
Open Crank End 
Clearance Pocket 
Not Effective) 


Fig. 126.—Five-step unloading that utilizes inlet valves and one clearance pocket. 
{Courtesy of Worthington Pump and Machinery Corp.) 


Choice of an unloading system depends entirely on the job 
to be done. Operating results, as far as power economy is 
concerned, differ so little in the three basic methods of control 
that they are scarcely worthy of consideration. 

Motor-driven Compressors.—^The mechanism usually provided 
for volume control of motor-driven compressors reduces the 
compressor capacity by steps or increments; thus, five-step con¬ 
trol means that, as the pressure rises, the capacity of the com¬ 
pressor is reduced in steps of 25 per cent. With widely varying 
air requirements, the compressor might operate in five steps 
(Fig. 116), or with three-step control it might operate at 100 per 
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cent, 50 per cent, or zero capacity. A two-step control which 
would operate at either 100 per cent or zero capacity, is usually 
called all-on or all-off control, there being no intermediate steps. 

The ideal control, of course, would compress with each stroke 
only that amount of air needed. This gives a mean average 
power requirement for the prime mover driving the compressor. 



Fig. 127.—Plunger-operated valve lifter. 

Obviously, widely fluctuating power requirements are to be 
avoided whenever possible, whether power is being purchased 
or being made on the premises. 

In actual operation the compressor control does not run the 
entire range from 100 per cent to zero capacity; instead the 
machine may, and does, float for some considerable period of 
time back and forth between two capacity steps. Only the most 
violently fluctuating air demand would cause a step-control 
compressor to vary its power requirements over extremely wide 
limits. If, for example, the compressor is 40 per cent larger than 
air requirements, the capacity control will float it between the 
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50 and 75 per cent steps, thus providing an average-load curve 
only as heavy and as uniform as the demand dictates. Since the 
machine operates at a capacity step somewhere near the actual 
requirements, it takes a relatively long time interval for the load 
to change to another step. It is obvious that the smaller the 
number of capacity steps, the greater the amount of capacity 
change between steps and the shorter Avill be the time between 
load changes. In other words, if the machine with five-step 



Fig. 129.—Cioss section of high-pressure inlet valve in Fig 128 

control operates 10 min between load changes (Fig. 117), the 
machine with three-step control would operate approximately 
6 min between load changes, whereas the machine with the 
all-on-all-off control would be changing load every minute or two 
with the same variation in discharge pressure. 

Five-step Clearance Control. —The main controllers (Figs. 
110 and 118) operate the unloading valves electrically. In Fig. 
118 a ratchet wheel and pawls rotate the cam-driving shaft in 
either direction. A small instrument motor runs continuously 
to furnish driving power. Pressure changes on a diaphragm 
operate a linkage to engage either one or the other ratchet pawl. 

With the instrument at 100 per cent load, all contacts are 
plosed and all solenoids energized^ As the receiver pressure 












COMPRE^mn LOAD CONTROL 125 

increases the instrument moves to the 75 per cent position and 
opens one of its contacts to reduce compressor load. 

Controls of this kind interlock the solenoid-valve circuits with 
the motor starter so that, regardless of the governor-instrument 
position, all solenoids are deenergized during starting and stop¬ 
ping. With a synchronous-motor starter the interlocking con¬ 
nects with the automatic field control so that the compressor 
loads only after the motor is synchronized. 



Fig. 130.—Effeqt of clearance pockets on compressor indicator diagrams. 
{Courtesy of Power.) 


Repositioning of the pressure element takes place after each 
governor operation, and each successive capacity-reduction step 
occurs at precisely the same pressure. 

These instruments are adaptable to multiple compressor con¬ 
trol (Fig. 119), using a plugging system arranged to control 
several compressors. 

With this hookup, solenoid valves (Fig. 120) mounted on the 
compressor are not wired permanently to the governor contacts 
but are connected to polarized plugs that fit into sockets wired 
to the governor instrument. Two compressors can then be 
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connected to the same governor and they will load and unload in 
parallel as though they were one machine of larger capacity. 

Figure 111 is a five-step unloader using a solenoid-operated 
pilot valve energized from the motor-starting circuit. After 
the compressor reaches normal speed, the pilot valve exhausts 
air from beneath the three-way-valve piston, allowing it to fall 
away from the ball valve. Receiver-air pressure then flows to the 
clearance-valve controller; clearance-pocket valves then close 
or open, according to the position of the weight-loaded diaphragm 
arm. Other devices included in this arrangement are a cooling- 
water supply valve (Fig. 121), a high-pressure-cylinder relief 
valve (Fig. 122), an intercooler unloader (Fig. 123), and clearance 
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^Discharge Valves*^ 
100 7o Capacity 



507o Capacity 07o Capacity 

(Suction Valves Held (Suction \^Ives Held 

Open Crank End) Open Both Ends) 


Fio. 131.—Three-step unloading by controlling inlet-valve operation. {Courtesy 
of Worthington Pump and Machinery Corp.) 


valves (Fig. 21 or 124). A complete piping layout with all 
control devices is shown in Fig. 125. 

Five-step control can be secured by using either four clearance 
pockets or one clearance pocket combined with inlet-valve lifters 
on each cylinder. Figure 126 shows five-step unloading with 
the latter method. ^ 

When air pressure within the cylinder tends to close the clear¬ 
ance-pocket valve (Fig. 127), no air pressure is needed in the 
control system to load the compressor. The opposite is true 
(Fig. 124) as cylinder pressure tends to open the valve. To 
overcome this condition the valve cap carries a setscrew for 
holding the valve closed during initial starting or when receiver 
pressure is zero. 

Since the clearance-pocket valves (Fig. 127) will not unload the 
compressor until air pressure is built up in the receiver, unloading 
must be taken care of by other means. The system (Fig. 128) 
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equips the intercooler with a solenoid-operated relief controlled 
from the motor starter. In addition, one high-pressure-cylinder 
inlet valve (Fig. 129) is equipped with a diaphragm operated by 
receiver pressure. After the compressor is up to speed, the 
intercooler solenoid-relief valve closes and pressure builds up in 
the intercooler and under the high*pressure inlet-valve dia- 



Fia. 132.—Inlet-valve unloading with diaphragm-operated valve lifters. (Cowr- 
tesy of Chicago Pneumatic Tool Co ) 

phragm, thus raising lifting fingers away from the valve and 
allowing it to close. 

An idea of how clearance control affects the compression curve 
may be secured from Fig. 130. The top curve shows a typical 
diagram. Suction does not depart from the atmospheric line, 
indicating no restriction to the flow of air into the cylinder. 

The lower card is from a compressor unloaded by means of 
clearance-pocket control. In order to begin the compression 
stroke at atmospheric pressure, the normal clearance is increased 
by the volume represented by the rectangle CDEF. The com- 
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pression and expansion line would be the single line shown instead 
of double lines (Fig. 116), were it not for heat transfer to the 
jacket water. 

Three-step Regulation.—This method operates the compressor 
at 100 per cent, 50 per cent, and zero load. The most common 
method (Fig. 131), holds the inlet valves (Fig. 132) off 
their seats. With all inlet valves functioning, the machine 
operates at full load; holding inlet valves on one end open reduces 
the load to 50 per cent, and holding the valves on both ends open 
reduces the load to zero. 


Air passage to ,(o~Mmimum speed adjustment 
chamber C- - 



Valve M 

D“5a// valve fshown dosed) 


-'-EkHousI to 
atmosphere 


H-Adjust to Q-Adjust to tOOtb 

^^•bxhaust to atmosptjc 


7 atmosphere 

Fig. 133.—Unloading regulator that operates intake valve (Fig. 104) and controls 

engine speed. 


Combinations of Free-air Unloading and Variable Speed*—The 

unloader in Fig. 112 controls the compressor inlet valve and at 
the same time increases the speed of internal-combustion-engine 
drive by changing the fuel-throttle setting. 

Figure 133 shows a governor used for internal-combustion- 
engine drive with the unit normally operating at three-quarters 
speed. As pressure builds up in the receiver, air flows past 
valve M into chamber B, forcing the regulator piston and 
governor linkage to the maximum speed position. 

At 90 psi the auxiliary valve If opens to admit receiver pressure 
to chamber C and the piston returns to the three-quarters-speed 
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position. When the pressure reaches 100 psi, the auxiliary valve 
0 opens to unload the compressor and open ball valve D, exhaust¬ 
ing chamber B to atmosphere. The piston moves back to the 
half-speed position and at the same time closes valve M. When 
pressure drops to 90 psi, auxiliary valve 0 closes to load the com¬ 
pressor and relieves the pressure from ball D, but the engine 
continues at half speed because valve M remains closed. 

At 80 psi auxiliary valve N closes and exhausts pressure from 
chamber C to atmosphere, a spring moves the piston to open 



Fig. 134.—High-pressure-cylinder relief valve. 


valve M and the receiver pressure admitted to chamber B moves 
the piston forward and increases the speed. In actual practice, 
the compressor finds the speed that corresponds closest to air 
demand and operates at this level, thus avoiding continuous 
high-speed operation and wide changes between loading and 
unloading. 

The unloader valve (Fig. 104) mounts on the intake manifold 
and unloads the compressor when the receiver pressure reaches 
100 psi by shutting off the air intake. This unloader, working 
in conjimction with the high-pressure-cylinder relief valve (Fig. 
134) and the intercooler unloader (Fig. 136), unloads the com¬ 
pressor comi^tdy. 
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port H to piston E, so that the compressor unloads simultaneously 
with shutting off the engine. To load the compressor after it 
is started, a three-way valve at the pressure switch opens line A 
to atmosphere, permitting the pressure in 0 to leak out slowly 
through orifice R and delay loading until the compressor is up 
to speed. The point of loading actually occurs when spring 
pressure D and I exceeds the air pressme in 0 and forces valve F 
open. This time delay is set by adjusting screw G. 



Fig. 137.—Unloading control panel that operates intake valves. 


The diaphragm valve (Fig. 135) relieves the intercooler pres¬ 
sure when the compressor stops. The diaphragm chamber con¬ 
nects to the intercooler inlet and outlet as shown. The slight 
pressure drop through the intercooler creates an unbalanced 
pressure on the diaphragm D which holds the valve B on its 
seat as long as the compressor discharges air through the inter¬ 
cooler. When the compressor cuts off, pressure on the dia¬ 
phragm equalizes, the intercooler pressure acting on valve B 
opens it, and the intercooler pressure at A exhausts to atmosphere 
through line C. 

Immediately after the compressor unloader closes the low- 
pressure Intake passage, the pressure in the intercooler and 
connecting pipes^ drops rapidly to 10 or 16 psi, at which pressure 
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the spring in the high-pressure-cylinder relief valve (Fig. 134) 
unseats the plunger. This uncovers ports X and exhausts all 
pressure in these passages. The plunger then holds the high- 
pressure inlet valve open, completely unloading the compressor. 

When the compressor loads, holes X are inadequate to relieve 
all the air being compressed in the low-pressure cylinders and 
pressure builds up in the high-pressure intake passage. As soon 


Infake 



Fra. 138.—Cross section of intake valve on compressor in Fig. 137. 


as it reaches approximately 15 psi, the upward air pressure on the 
bottom of the plunger overcomes the spring resistance and lifts 
the plunger. This closes ports X to atmosphere and permits the 
intake valve to function, bringing the compressor to normal 
operation. 

Centrifugal Controllers. —The action of a centrifugal unloader 
(Fig. 136) is similar to that of a flyball steam governor. When 
the unloader head is at a standstill, the flyballs spripg in toward 
the spindle, causing it to rise and open a port in the unloader- 
valve cage. Air then passes to the inlet valves, holding them 
open and removing the load from the compressor. 
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When the compressor starts and its speed increases to just 
under full operating speed, the flyballs pull outward, drawing the 
spindle and valve down, cutting off air from the receiver, and 
opening a vent which allows air to escape from the unloading 
inlet valves. The vent at the top of the unloader body should 
always be kept open. 

The dashpot, furnished only when the compressor is to be 
driven by a constant-speed motor, delays compressor loading 
until the motor reaches full speed or has operated a short period 
at full speed. Remove plug B and fill the chamber with dashpot 



oil. Adjust the regulating screw C until the compressor loads 
at the proper speed. 

The compressor (Fig. 137) uses selective electropneumatic 
control consisting of low-pressure-cylinder unloaders (closed 
intake) (Fig. 138), automatic high-pressure-cylinder relief valves 
(Fig. 139), high-pressure-cylinder check valve (Fig. 140), mercoid 
switches, and solenoid valves. When air demand is less than full 
load capacity, the compressor automatically regulates its output 
between 50 and 100 per cent of rated capacity. If the demand 
falls below half-load capacity, the control automatically regulates 
output between 50 per cent and zero load. During each of these 
two distinct unloading steps each half of the machine, namely, 
each low-pressure and its corresponding high-pressure cylinder, 
operates independently of the other half of the unit. 

A main controller unloads the compressor, and the relief valve 
keep3 the high-pressure cylinder from compressing during the 
unloaded period by exhausting any air that may leak into the 
cylinder. 
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The unloader valve (Fig. 138) attached to the main intake 
consists of a double-seat valve controlled by air from the main 
pilot. When receiver pressure rises to a predetermined point, 
the valve closes to shut off all incoming air to the compressor. 
When the receiver pressure falls below the unloading-device 
setting, the valve again opens fully and the compressor resumes 
full load until the pressure again rises to the unloading point. 

The high-pressure relief valve (Fig. 139) consists of a small 
wafer check in each high-pressure-cylinder head, in combination 
with a vacuum-operated relief. Vacuum in the system operates 
the valve. 

Failure of the high-pressure relief valve will be indicated by 
excessive temperature and also by the absence of a sharp hiss of 
air shortly after the compressor unloads. Generally the trouble 
will be caused by the vacuum-operated diaphragm wearing out. 
Replacement of this part should be made at least every 2 years. 

Always choose the unloading system that best suits plant needs. 
Mechanical losses in the machine remain practically the same 
regardless of whether it runs at full or part load. Operating for 
long periods at part load markedly increases the power cost per 
cubic foot delivered. Therefore, operating costs are reduced 
when the compressor operates the greatest part of its time at 
full load. 



CHAPTER V 


RECIPROCATING-COMPRESSOR LUBRICATION 

Bearing Lubrication. —Bearings of reciprocating air com¬ 
pressors are generally oiled by a splash, gravity-circulation, 
force-circulation, ring, or drop-feed system. In some instances 
combinations of two or more of these methods are used. Bearing 
lubrication serves two purposes: (1) it reduces friction between 
the moving parts, and (2) it acts as a cooling medium. 





Fig. 141.—Mam-bearing oil seal {Courtesy of Pennsylvania Pump and Com¬ 
pressor Co ) 

Splash System. —The splash method, generally used to lubri¬ 
cate all parts of small single-acting compressors (Fig. 56), is also 
widely used for the bearings of many horizontal double-acting 
machines (Fig. 141). The crank disk and connecting rod dipping 
into the oil reservoir splash lubricant to all bearings. 

Because the crankcase of splash-lubricated compressors 
generally serves as an oil reservoir or sump, it is closed except 
for a breather or vent pipe. The cylinder end of the crankcase 
on double-acting machines contains a partition or bulkhead 0 
(Fig. 142), fitted with wiper rings that prevent oil from working 
along the piston rod into the cylinder. The machine (Pig. 143) 
carries a ecoop A on the crank disk that throws oil into the basin 
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B from where it travels to the crosshead. The connecting rod 
B (Fig. 51) carries its own oil scoop. Another splash system 
(Fig. 144) feeds oil to the crankpin by centrifugal force. 



Fig. 142.—Partition fitted with wiper rings prevents oil from flowing along 

piston rod. 


The tapered-roller crankshaft bearings (Fig. 145) are lubricated 
by oil splashed into pocket A, from which it flows down into the 
bearing and then back to the reservoir. Oil flowing to the outside 
of the bearings is prevented from leaking along the shaft by 
oil slinger B, 


Table 17,— Specifications for Compressor Running-gear Oil 


Room temper¬ 
ature, F 

Pour point, F 
max 

Viscosity at 

100 F, min SSU 

Steam emulsion 
value rain, sec 

~10 to 4-30 

-15 

190 

75 

30 to 60 

25 

250 

75 

Above 60 

30 

300 

75 

1 


Gravity Circulation, —In this system, oil is pumped from a 
bottom taijik or sump to an overhead reservoir from which it 
flows to all bearings through pipes equipped with feed-regulating 
valves. Regulating valves serye to assist in adjusting the feed 
to the requirements of each individual part. 

Force*circulation Oiling. —In this system, a flood of oil is 
pumped under pressure directly from a reservoii* to all bearings 
(Figs. 146 and 147). Oil returns to the sump by gravity. Figure 
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54 shows a gear-driven pump on a compressor having drilled oil 
passages in the main shaft and crank disk. 

On the horizontal compressor (Fig. 146), a chain-driven rotary 
gear pump takes oil through a strainer from a reservoir below the 
crankshaft bearings. The oil then goes to the crankshaft and 
crosshead pin and guides in both the low- and Jiigh-pressure side 
of the compressor. On its way the oil pa^^ses through a filter and 
cooler to ensure a clean cool supply of lubricant to the bearings. 
In case of oil-pressure failure, a pressure switch connected into 
the oil line shuts down the compressor to prevent bearing 
damage from lack of lubricant. Suitable piping carries the oil 



Fro. 143.—Oil scoop A throws oil into basin B. 


to the main bearings (Fig. 148) and to the crosshead pin (Fig. 
149). The best location for the radial hole supplying oil to the 
crankpin bearings is just ahead of the pressure area when the 
crank is on either dead center. Thus, as the crank advances, a 
film of oil spreads over the surface just before it is subjected to 
pressure (Fig. 150). The machine (Fig. 151) uses a sheet-metal 
baffle and slinger ring to stop oil leakage around the crankshaft. 
If leakage occurs, it will be found that either the slinger ring is 
not bearing squarely against metal baffle plate A, oil fog is leaking 
through gap Z, or the oil-return pipe is clogged. 

Both the gravity- and force-circulation systems may be 
equipped with an oil filter, or cooler, or both, as in Fig. 152. 
Here the cylinder lubricator, a combination unit, feeds both the 
steam and air cylinders with additional lines going to the metallic 
piston-rod packing. 

Ring^ed and Drop-feed Systems. —Ring-oiled bearings are 
in common use on many types of air compressors. In ihme 
bearing, all of which are similar in principle, oil is contained in a 
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reservoir in the bearing housing just below the journal. The 
ring or chain turns with the shaft and brings oil up and distributes 
it on the journal where it spreads over the bearing surfaces. 
Surplus oil drains back into the reservoir to be reused. 

Drop-feed oil cups furnish lubrication to small parts, or to 
those not subject to severe operating conditions. An adjustable 
needle valve regulates the feed and a sight glass makes it possible 
to see the oil drops as they are fed. 



Fig. 144.—Crank disk supplies oil to main bearing and crankpin. 

Oil Required.—The quantity of oil used depends on the 
capacity of the compressor. It should be sufficient to permit the 
oil to remain quiescent for a period of time each cycle, thus 
permitting impurities and water to settle. Water is especially 
troublesome and if not quickly separated will produce emulsion 
and sludge that collect in the pipes and prevent oil from reaching 
the bearings. Water and other impurities should be filtered out 
so that only a clean supply of lubricant remains in the system. 

Because it is used repeatedly, the oil must possess, in addition 
to correct viscosity, high resistance to oxidation and emulsifica¬ 
tion. Constant agitation and churning over long periods in the 
presence of air causes oxidation. Oxidized products combine 
with atmospheric impurities and water, if present, to form 
sludge^ This sludge acts as a catalyst to promote additional 
oxidation. 
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Most compressors are operated in comparatively warm sur¬ 
roundings, but some, particularly portable units, are often 
exposed to low temperatures. Under these circumstances, the 
oil should have a pour point at least as low as the surrounding air 
temperature. Otherwise, the oil will not flow freely to the pump 
suction when starting up, or through the orifices of drop-feed 
cups. Congealed oil will also tend to i hannel in splash systems. 



Fig. 146.—Oil slinger B throws oil off main shaft. 


In most single-ac^ipg compressors, one oil is required to serve 
both the bearings and cylinders. Here the oil viscosity is fixed 
by the cylinder requirements and not by those of the bearings. 
Viscosity requirements for cylinders are generally somewhat 
higher than those of bearings in order to provide adequate piston 
seal. For reasons of simplicity and to minimize the danger of 
mixing, use as few oils as possible, especially on the same machine. 
Consequently, whenever possible, one oil should be used for 
lubricating both the cylinders and bearings. 

The Compressed Air Institute suggests that ^4‘or compressors 
which are provided with independent means for cylinder lubrica¬ 
tion, oil for the running gear or crankcase should be selected in 
general accordance with the specifications given in Table 17.'' 
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Always consult the compressor manufacturer and follow his 
advice in selecting lubricating oils. 

Cylinder Lubrication.—Regardless of the make, construction, 
and operating conditions, lubrication of reciprocating-compressor 
cylinders resolves itself into protection of the piston, cylinder 
walls, piston rod, and valves. These internal parts are much 
more exacting in their lubrication requirements than the external 
running gear. In the cylinder the oil must not only minimize 
wear and reduce friction but it must also provide a seal between 
piston rings and cylinder walls. 



Fig. 146.—Force-circulation oiling for running gear. {Courtesy of Power.) 


Effective lubrication can be obtained onlv when the cylinder- 
wall temperatures are low enough to precluoe vaporization of the 
oil film, yet not so low that condensed moisture will wash away 
the lubricant. 

Oil feed generally goes to the cylinder through one or more 
pipes leading from separate elements on a multiple force-feed 
lubricator (Fig. 153). These pipes fitted with check valves 
connect to the cylinder bore; the piston passes, the oil gathered 
up and carried between the piston rings serves for lubrication 
and also seals the piston against leakage. A separate line feeds 
the metallic piston-rod packing (Figs. 1S2 and 164). 

The transparent liquid in some sight-feed mechanical lubricar 
torsy usually glycerin, is heavier than oil and permits the lighter 
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lubricant to travel up through the sight feed. This provides a 
solid column of oil from the top of the sight feed to the compressor 
cylinder. Each drop coming into sight displaces a like amount 
at the top. Judgment must be exercised when adjusting the 
feeding rate of this device, because one drop of oil in a glycerin 
sight-feed lubricator is the equivalent of several drops in another 
type (Fig. 155) of combination lubricator and unloader. 

In time the glycerin mixture will be carried out with the oil, 
and, although the compressor will still be lubricated properly, 



^HrP. steam cylinder '-Crankcase H~P air cylinder^ 

Fig. 147.—Circulating oiling system to all external parts. {Courtesy of Power.) 


the sight feed must be refilled to observe the feeding rate. A 
mixture of half glycerin and half distilled water or all glycerin 
or all water can be used for refilling. 

One suggested arrangement for lubricating the cylinder con¬ 
nects oil-feed lines from the lubricator to the intake pipe instead 
of to the cylinder (Fig. 156). Atomized oil entering with the air 
covers all moving parts with a fog blanket. 

The foi^ce-feed lubricator assures a controlled flow of oil under 
pressure to each cylinder and is an efficient and economical 
method of lubrication. This device eliminates the possibility 
of overfeeding because oil feed starts and stops with the com¬ 
pressor (Fig. 167). Force-feed lubricators are not affected by 
variations in air pressure and will feed at the desired rate accord¬ 
ing to their adjustment, the compressor speed, and the oil 
viscosity. 
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Feeding Rate.—It is not advisable to establish any hard and 
fast rule in regard to the theoretically proper amount of oil that 
should be supplied to an air-compressor cylinder. There are 
too many variables involved, such as the size of the machine, 
its speed, condition of the piston and cylinder walls, and the 
amount of dirt in the air. The oil will probably remain in an 
air-compressor cylinder considerably longer than in the cylinders 
of either a steam or internal-combustion engine, because there is 
less atomization and little or no washing action or dilution of the 
oil film. 



Fig. 148.—Pressure oiling to main bearing. 


A time-honored rule states that from 1 to 2 drops of oil per 500 
to 1,500 sq ft of cylinder area covered by the piston per minute 
should assure adequate protection. However, the size of the 
drops varies with the viscosity, temperature, service conditions, 
diameter and shape of the lubricator orifice, and the type or 
design of the lubricator—z.e., whether it is mechanical force-feed 
or sight-feed. Also, the number of drops per pt will vary. As a 
result, the number of drops secured per min from an oil having a 
Saybolt viscosity of 200 sec at 100 F would differ from the number 
obtained from an oil of 300-sec viscosity. 

Two compressors of the same design and size, built by the same 
manufacturer, may be operating in a room under identical con¬ 
ditions. Yet it will be practically impossible to have the same 
piston-ring and valve fit and the same polished cylinder surfaces 
in the two machines, and they may require a surpriringly different 
amount of oil for lubrication. Any increase in the feed above 
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that necessary to provide an effective piston seal and reduce 
friction to the minimum tends to increase carbon deposits and 
the danger of fire and explosion. 

It is therefore not considered good practice to make an absolute 
recommendation as to the number of drops per min that should 
be used because of the great \ariation in operating conditions 
that will be encountered. Since there are so many variables to 
contend with, the Compi’esaed Air Institute recommends that 



Fio. 149.—Force-feed oiling to crosshead pin and shoes. 

the minimum allowable feed under ideal conditions should not 
be less than that given in Table 18. 

Lubricating-oil Characteristics.—A mineral oil that is espe¬ 
cially refined to resist the effect of temperatures and one that 
has the volatile elements thoroughly removed is necessary. This 
oil should have the correct body and characteristics to meet the 
requirements of the work. It should not contain compounds 
that will cause gumming of the valves, or sticking of the piston 
rings. Neither should it contain elements that will carbonize 
and necessitate frequent cleaning. 

Oil too heavy in bbdy will not spread readily over the rubbing 
surfaces, and there will be considerable drag on the piston, result^ 
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ing in excessive friction loss and air leakage, because the oil film 
is not complete. Furthermore, impurities in the intake air will 
more readily cling to the heavy oil and bake into a carbonaceous 
deposit on the piston and discharge valves. If the oil is too light 
in body and is used in excess to form a satisfactory film, much 
of it will be carried over into the intercoolers and receiver and 
will form explosive mixtures. Carbon deposits on the discharge 
valves interfere with their operation to such an extent that they 
fail to close completely or quickly enough, permitting the leakage 
of air back into the cylinders where recompression causes addi¬ 
tional heating. 

The most important point, however, is that the oils should not 
contain, as a result of improper refining, any elements that give 
off highly explosive vapors even above the ordinary operating 
temperatures which are encountered in air-compressor operation. 

Flash-point Considerations.—Flash point is not an all-impor¬ 
tant consideration when selecting compressor cylinder oil. The 
flash point is the temperature to which the oil must be heated 
to give off vapors in sufficient quantity at atmospheric pressure 
(the flash point increases with pressure) to produce an inflamma¬ 
ble mixture with air. The amount of oil evaporated while 
making the flash test is too small to be measured. 

Petroleum oils, being complex chemical compounds or mix¬ 
tures, have a range of boiling points. The lowest boiling point 
occurs at a far higher temperature than the flash point for any 
given oil. A high-grade compressor oil boils at 782 F and flashes 
at 385 F. Slow evaporation takes place at any temperature and 
the rate of change from a liquid to a gas depends on time, tem¬ 
perature, and chemical composition. Laboratory tests show that 
the evaporation rate of a high-grade air-compressor oil is 0.0004 
gram per sq cm of exposed surface when kept at 250 F for 5 hr. 

This theoretical evaporation cannot occur under normal opera¬ 
tion because of water jacketing, cooling effect of intake air, the 
relaying of a new oil film at each piston stroke, and the fact that 
high temperatures occur only toward the end of the stroke. 
Since the discharge valves, being in the path of the hot discharge 
air, represent the hottest part of the compressor, oil evaporated 
on the cylinder walls could not condeiise on them. The presehce 
of liquid oil on the hot valve surfaces proves that no great amount 
leaves the cylinder as a gas and that carbon deposits come from 
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this liquid oil adhering to the valve. Leaking discharge valves 
quickly reach temperatures that quite possibly can exceed the 



Fig. 150.—Oil spreads over the beaiing before load is applied. {Courtesy of 
Socony-Vacuum Oil Co.) 

highest flash point of any lubricating oil in existence. This may 
cause the carbon deposits to become incandescent, forming oil 
vapors from the carbon and excess oil into an explosive mixture. 


Table 18.—Air-cylinder Oil-feeding Rates 


Cylinder 
dia, in. 

Piston dis- 

Swept surface 

Oil feed per cylinder 

placement per 
cylinder, cfm 

per cylinder, 
sq ft per min 

Drops per 
min 

Pt per 10 hr* 

Up to 6 

Up to 65 

Up to 500 

2 d in 3 m 

0.05 

8 

65- 125 

500- 750 

1 

0.075 

8-10 

125- 225 

750-1,100 

4 d in 3 m 

0.10 

10-12 

,225- 350 

1,100-1,500 

1- 2 

0.112 

12-15 

350- 600 

1,500-2,000 

2- 3 

0.188 

15-18 

600-1,000 

2,000-2,600 

3- 4 

0.262 

18-24 

1,000-1,800 

2,600-3,600 

4- 5 

0.338 

24-30 

1,800-3,000 

3,600-4,800 

5- 6 

0.412 

30-36 

3,000-4,500 

4,800-6,000 

6- 8 

0.525 

36-42 

4,500-6,500 

6,000-7,500 

8-10 

0.675 

42-48 

6,500-9,000 

7,500-9,000 

10-12 

0.825 


. . . . . . . . .... .. — -- 

* Figures upon 8,000 dropft pt 75 F* 
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A high-flash-point oil actually may be detrimental to good 
lubrication because it must necessarily be heavy-bodied, and as a 
result it will form more objectionable carbon deposits than a 
lighter bodied oil even if both are of equal quality. The heavier 
bodied oil also has greater tendency to catch and hold dust 
particles and is more sluggish in its distribution. The compara¬ 
tively low cylinder-wall and oil-film temperature eliminates the 
need of a heavy-bodied oil for lubrication. The most important 
point is high quality; the oil must not break down and form 
gummy deposits. 



To connect the flash point with the possibility of explosion is 
irrelevant, unless some adverse condition of construction or 
operation has prevailed. For example, the use of dirty air, along 
with an imsuitable lubricating oil, may have built up restrictions 
at fittings or bends in the air line. 

All lubricating oils will be subject to more or less fractional 
distillation or separation under high temperatures. As this 
continues, the lighter portions evaporate and are carried off with 
the discharge air, the heavier fractions meanwhile remaining in 
the cylinder or collecting in the heads or on the valves. 

Carbon residues are caused by exposing lubricants to direct 
heat^ This involves a chemical change in their structure. If 
l^his heat is sufficiently intense, it causes abnormal vaporiaatioii 
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of the more volatile constituents to result in an accumulation of 
nonlubricating matter which may be of a tarry or gummy nature. 
Continued exposure of the latter to heat causes coking or baking 
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distilled compressor oil such as is used for normal conditions 
should show a carbon-residue content well below 0.50 per cent 
by the Conradson test. 

Compounded Oils, —It is not always practicable, however, to 
use a wholly distilled oil. In marine air compressors or those 
installed in salt-air localities, a small amount of fixed or animal 
oil, such as lard oil, must be added to develop a lathering effect 
with moisture and prevent corrosion or rusting during stand-by. 
By adding this compound it is possible to maintain lubrication 
with normal oil feeds; otherwise, were a straight mineral used, 
the drops per min would have to be increased. Even then there 
would be insufficient lathering or emulsification with moisture 
to assure a protective film that would remain on the contact 
surfaces when the machine is shut down. 

Table 19.—Air-cylinder Oil Specifications 


Flash point, F. 350 (min) 

Viscosity, SSU at 100 F. 245 (min) 

Viscosity, SSU at 210 F. 45 (min) 

Pour point, F.. +35 (max) 

Neutralization number. 0.10 (max) 

(Jonradson carbon residue, per cent. 2.0 (max) 


Either procedure will in time lead to increased residual deposits. 
On vertical or marine compressors in damp atmospheres this is, 
however, of less importance than positive lubrication. Even 
so, any fixed-oil compound should be used as sparingly as possible, 
for fixed oils are not subject to distillation under normal condi¬ 
tions. Instead, they will break down or decompose to a tarry 
or gummy residue when exposed to high temperatures. 

Causes of High Temperatures. —Excessive temperatures may 
be caused by any one or more of the following faults: (1) an inade¬ 
quate supply of cooling water; (2) cooling water too hot to permit 
proper heat transfer from the air to the water; (3) intercoolers 
and jackets blocked with dirt, mud, and scale, preventing heat 
absorption by the water; (4) air baffles in the intercoolers broken, 
permitting the air to short-circuit to the discharge with very 
little heat removal; (6) partitions in the waterheads of the inter¬ 
coolers not tight, permitting the cooling water to short-cirenit 
between the inlet and outlet without passing through all inter¬ 
cooler tubes; and (6) leaking valves or piston rings that pewtolt 
reentry of compressed air to the cylinders. 










produce an explosive mixture of any great quantity, but if this 
small quantity did ignite, sufficient heat to start vaporizing 
atomized particles in suspension could be generated. 

What makes a leaky discharge valv^ hot? Many authorities 
say that recompression of the hot air causes cumulative heating 
or that friction of the leaking air heats the valve. It is well 
known that vibration of metal parts causes heating, and fluid 
leaking past loose or flexible restrictions causes vibration of the 
obstruction. Ther^ore^ constant vibration may also contribute 
toward extremely high temperatures in a leaking valve plate. 


















150 


AIR COMPRESSORS 


Table 20— Air-cylinder Oil Samples 



Sample A 

Sample B 

Flash point, F 

365 

410 

Fire point, F . . 

410 

470 

Viscosity, SSU at 100 F j 

312 

403 

Viscosity, SSU at 210 F 

48 

59 

Pour point, F. 

-25 

+25 

Neutralization number 

0 02 

0 04 

Carbon residue, per cent 

0 04 

0 40 

Gravity, deg API 

20 4 

24 0 


Packed accumulations of oil and dust lying in piping and other 
pockets mixed with concentrated oxygen can under certain con- 

Force- feec/\ Force - feed 



Fig. 164.—Lubncating connections to cylinder and piston-rod packing. 


ditions ignite from spontaneous combustion. This trouble 
appears quite frequently in coal-storage piles when sufficient 
oxygen is present to cause slow oxidation but not enough air 
circulates to carry off the heat. Atomized oil mixing with dirt 
particles and absorbing oxygen from the air may settle to form 
accumulations favorable for spontaneous combustion. 

To prevent explosions adopt the following operating rules; 

1. Use only a high-grade eomprossor oil in the air cylinders, and feed the 
minimum amount that pves satisfactory comparesaor operation. 
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2. Maintain the air filters in good condition to prevent dust and dirt 
from entering the air cylinders. 

3. Clean the intercoolers and jackets at regular intervals according to a 
schedule dictated by local water conditions. 

4. Provide cold circulating water for intercoolers and aftercoolers. 

5. Maintain tight air baffles and water partitions in intercoolers. 

6. Make periodic inspection and regrind or replace valves and springs as 
needed. 

7. Periodically clean all air passages between the cylinders and receiver, 
and also pistonheads and piston rings 

8. Maintain accurate intercooler gages so that abnormal intercooler pres¬ 
sures may be noted. 



Fig. 165,—Combination unloader and force-feed lubricator. 

Oil Selection.—Because of the wide variation in factors influ¬ 
encing selection, it is possible to establish only the minimum or 
maximum (as the case may be) permissible limits of general 
requirements for air-compressor cylinder oils. Values recom¬ 
mended by the Compressed Air Institute are given in Table 19. 
Two representative oils, both falling within the limitations out¬ 
lined in this table, and both suitable under certain conditions for 
compressor cylinder lubrication, may have physical characteris¬ 
tics as given in Table 20. 

Table 21.—Stbam-cylindeb Oil Specifications 


Flash point, F. 500 (min) 

Viscosity, SSU at 210 F. 100 (min) 

Pour point, F. 80 (max 

CCnradson carbon residue, per cent. 4.5 (max) 

Compoundklg, per cent....... 9-12 (max) 
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Steam-cylinder Oil. —Conditions under which steam-cylinder 
oil must perform depend on initial pressure, percentage of 
moisture in the steam, amount of superheat, exhaust pressure— 
whether condensing or noncondensing, and the kind of lubricating 
system used. 



Fig. 166.—Feed Lines supply atomized oil into intake pipe {Courtesy of Double 

Seal Ring Co ) 

For wet saturated steam, compounded oils are usually neces¬ 
sary, with compounding between zero and 12 per cent. For 
superheated steam, straight mineral oil is sometimes preferred 
and compounded oils should be limited to those in which com- 



Fig. 167.—Force-f0ed drive connected to crosshead. 


pounding is between zero and 5 per cent. When exhaust steam 
goes to a surface condenser, it is good practice to specify an oil 
having a pour test sufficiently low to prevent accumulation of 
congealed oils within the condenser. Tliis means a nunimum 
amount compounding. 
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Because of variable factors affecting the choice of steam- 
cylinder oils, the Compressed Air Institute recommends per¬ 
missible limits for the requirements as given in Table 21. Two 


Table 22 —Steam-cylinder Oil Samples 



Sample A 

Sample B 

Flash point, F 

565 

610 

Fire point, F 

650 

680 

Viscosity, SSU at 210 F 

210 

235 

Pour point, F 

+50 

+45 

Conradson carbon residue, per cent 

1 0 

2 8 

Compounding, per cent 

5 

0 


representative oils, both falling within the limitations outlined 
in this table, and both suitable under certain conditions for 
steam-cylinder lubrication, may have phy^^ical characteristics 
similar to those given in Table 22. 
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INSTALLING THE COMPRESSOR 

Compressor Room. —^Locate the compressor in a clean, light 
room with ample space around it for making repairs, cleaning, 
and inspection. Be sure to allow room for removing the pistons, 
rods, and intercooler tube nests. Provide a support of sufficient 
strength overhead to handle the machine parts. Making it easy 
for the operator to inspect a machine gives it a better chance of 
receiving proper attention. 

Fotmdation.—The foundation is usually of concrete, which is 
preferable to any other material, although brick or stone may be 



Fig. 158.—Build a substantial template and anchor it securely. 


used if they are more convenient; in this event always use cement 
mortar. Avoid the use of lime mortar. 

A reciprocating compressor causes a certain amount of vibra¬ 
tion which the foundation must absorb; unless it rests on bedrock 
or hardpan, a subfooting should be made of such depth and area 
as to provide a solid bottom. Reinforcing steel bars inbedded 
in the concrete lengthwise, vertically, and crosswise add con¬ 
siderable strength. In extreme cases of poor subsoil, piling 
may be required; this generally calls for the services of a oom- 
petent foundation engineer. 

Installing and operating compressors on floors of Ught-inanu‘- 
facturii^ loft buildings where noise and vibration are prohibited 
c€ten present unusual problems. 
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In such locations the major shaking forces, which exist in all 
reciprocating compressors, should be so balanced that their 
greatest effects are in the vertical, with the minor forces acting 
in the horizontal plane. As these forces not only depend on the 
weights of the reciprocating parts, but also vary as the square of 
the speed, a slight change in operating speed often corrects serious 
vibration. When no shaking forces in either the horizontal 
or vertical planes can be tolerated, a so-called “balanced” 
opposed unit fills the requirements. Acquainting the com- 



Fig. 159. —Support the anchor bolts and sleeves solidly. 

pressor manufacturer with all particulars covering soil conditions 
encourages him to make suitable recommendations for foundation 
construction. 

In one plant the compressors were fitted with aluminum pistons 
to reducQ the inertia of moving parts and the driving motor was 
relocated to bring the center of gravity nearer the mid-point of 
the foundation. One driving-motor pulley was made slightly 
smaller to keep the machines out of step. To isolate the remain¬ 
ing shaking forces from the building a special foundation was 
built. 

A frame of 8^in. steel angles welded together formed a rectangle 
of the sme required for the foundation. The horizontal faces 
of the angles, Which extended inward toward the center, rested 
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directly upon and were bolted to the floor. The enclosed area 
was then covered with a 4-in.-thick layer of formed cork. A 
cork ring of the same thickness carried upward inside the vertical 
faces of the angles extended for 3 in. beyond their top edge. 
Concrete poured on this cork bed formed a 10,000-lb block 
foundation. 

Formwork.—When making the foundation forms, make allow¬ 
ance for all air, water, and oil piping and prepare a template to 


Jee foundah'on plan for 
distance from top of 
rough foundation to top . i 
ofboH — i ^ 


Top of rough 
foundation 



Compressor frame 
\ 

Puddle grout around 
flange of frame 


'Top of rough foundation 


22 or S pipe ^ 
(can be /eft in) 


Stuff waste in pipe around 
bolt when pouring rough 
foundation. Pemove waste 
after setting compressor 
and fill pipe with grout 


Fig. 160.—Build a substantial dam around foundation to hold grout. 


hold the foundation bolts in position. Spacing of these bolts 
will be found on the foundation plan or can be measured directly 
from the compressor bedplate. Make a wooden template from 
heavy planks rigidly braced and supported on the foundation 
formwork. Lay out the bolt position as shown in Fig. 158 and 
check the measurements accurately before proceeding with .the 
work. 

Set the template in the exact position to be occupied by the 
compressor with the lower board surface even with the proposed 
he%ht of itMigh concrete, and hang the foundation bolts in place. 
Bolti #pt b^ embedded in the concrete; a i^eeve 
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of wood or steel pipe slipped over the bolt (Figs. 159 and 160) 
will prevent this. The wooden box can be tapered, say 1 in. 
smaller at the bottom than at the top, to facilitate its removal 
after the concrete has set. Steel sleeves remain in the foundation. 

To ensure the proper height of bolts above the top of the 
finished foundation, place blocks upon the top of the template 
boards, so that the top of the bolt will be the required distance 



Fig. 161.—Force grout up under bedplate as at ^4. 

from the foundation top before grouting The bolts can then be 
hung with their sleeves and the nuts placed on top. Wooden 
sleeves can be held in place by nailing to the template; crossbars 
A welded to the bolts below the end of metal sleeves will pull 
them tight against the template when the bolt nuts are tightened. 
Do not permit the bolts to swing loosely from the template; weld 
them to the reinforcing rods or build pyramids of concrete from 
the foundation floor high enough to embed the rod end (Fig. 159). 
Allow this concrete to set before the main batch is poured. A 
loose-swinging bolt becomes misplaced easily. After the tem¬ 
plate and foundation bolts are substantially supported, prepara¬ 
tions can be started toward pouring the concrete. 

Most manufacturers recommend a concrete mixture of one 
part Portland cement, two parts clean sharp sand, and four or 
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five parts well-washed sharp broken stone. Mix the sand and 
cement together thoroughly before adding the stone. Add only 
enough water to make a stiff and plastic mixture and work it 
through the reinforcing and around the formwork into a compact 
mass. Allow the foundation to set at least 1 week before erecting 
the machine. During this time keep the concrete wet and, 
if out in the sun, lay wet burlap over the surface. 

After the concrete has hardened, remove the template and 
check the foundation-bolt spacing again. Then clean the 
foundation face by chipping away i in. of concrete to a rough 

uneven surface, except tor a small 
area around each bolt. These small 
areas will support leveling wedges. 
Protect the cleaned surface during 
machine erection and keep away all 
oil and grease. 

Preparing for Grout.—When the 
machine is ready for grouting, build a 
wood dam around the foundation just 
high enough to contain the required 
amount of grout. Then sweep or 
brush the concrete surface absolutely 
clean and wet it thoroughly. This 
prevents rapid absorption of water from the grout. Mark the 
wedge locations op the dam so that they can be removed after the 
grout is poured. Some authorities recommend filling the bolt 
sleeves with grout, others say fill them with sand, and still others 
suggest leaving them empty. Many foundations have been 
poured without using sleeves, and since they have served their 
purpose during erection they may as well be filled with 
grout. 

Prepare the grout from one part Portland cement and two 
parts clean sharp sand mixed with water to the consistency of 
thick cream. Pour it quickly and work it into the sleeves and 
well under the machine frame Fig. 161 A. As soon as it has set 
sufiSiciently, remove the dam, trim the grouting, pull out the 
leveling wedges, and fill the resulting holes. After tjie grout 
has,thoroughly set and hardened (4 days to a week) pull the 
foundation-bolt nuts down tight, If the compressor must be 
|daeed in service sooner than this, use a quick-setting grout. 



Fig 162.—Seal for anchor 
bolt that extends into oil 
reservoir. 
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Fig. 163.—Working plane of reciprocating machine as affected by frame leveling. {Courtesy of Power.) 
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Grouting sometimes upsets alignment, and it is extremely 
important that leveling be rechecked after the anchor bolts 
have been pulled down tight. It is much better to reset the 
compressor frames and regrout than to repair the damage caused 
by operating a unit out of line. 

On some machines one foundation bolt comes on the inside of 
the crankcase. This bolt is covered by a loose bolt cap, but as 
crankcase oil is liable to work in around the cap and down into 
the concrete, care must be taken to see that the grout is carried 
up along the foundation bolt to within 2 in. from the face of the 
bolt lug and then leaded into the underside of the nut as shown 
in Fig. 162. If this is overlooked and too much oil placed in the 
crankcase, the oil will run down under the bolt and finally loosen 
the bed from the foundation. Never operate the compressor 
or connect external piping to it until the foundation has set and 
is positively hard and strong. 

Erecting the Compressor. —Compressor erection consists of 
assembling the unit and leveling it on the foundation. Before 
proceeding to details of lining up the compressor, let us see what 
is meant by correct alignment. In a reciprocating compressor 
the shaft converts rotary into reciprocating motion. 

Looking at 1 in Fig. 163, where only center lines are shown, the 
point where crankpin and connecting-rod center lines meet 
describes a circle around the shaft center line. The plane of this 
circle must be perpendicular to the shaft. Likewise, the con¬ 
necting-rod center line should also swing in a plane perpendicular 
to the shaft. This plane is the same as that of the circle, or the 
so-called “working plane. Proper alignment of a piston com¬ 
pressor requires a working plane perpendicular to the shaft, in 
which .piston, crosshead, and connecting rod must move. 

Prepare to level the frames by providing metal wedges and 
shims. At each anchor bolt put one wedge and shims enough 
to hold the frame 1 in. above the concrete. Maintain this 1-in. 
clearance throughout leveling operations to provide plenty of 
room for the grout. 

Two-piece frames must be individually leveled and then leveled 
exactly with each other by planed surfaces in bearing Jaws aad 
specially located leveling pads (Figs. 163 and 168). First 
remove the pistons and crossheads, then lower one frame into 
fK^ticm ov^ the m^hot bdts and support it on the wedjgea 
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Adjust this frame with the wedges, putting the level on the 
crosshead guides or in the cylinder ))ore, if it is attached, to level 
the frame lengthwise and across the bearing jaws or special 
leveling pads to get it true crosswise. Tighten the anchor 



Beds can be se^ /ow af fh/s pomf The fh/ckness of feekr 
which should be used fo check arnounf bed is set hwal ^ 
this p6inf will vary with s,i 2 ’e of compressor and weig hi of 
shaft and rotor Thickness of feeler should not exceed 
0.002'*to 00025" 

Fig. 165.—Allowance for compressor shaft that carries a heavy rotor and 
flywheel. {Courtesy of IngersoU-Rand Co.) 

bolts firmly. (Slightly pitched frames such as Fig. 164A do not 
interfere seriously with bearing performance because this out- 
of-level condition does not affect the working plane. If a frame 
goes slightly out of level in the long direction and remains undis- 


Toworols air cylinders 


KSteel-leveling blocks 



Main-shaft Assembly 
Showing Position of Sfeel- 
Levelihg Blocks 


^ Wood- block support 


W7/. 

Steel-leveling blocks^ 

Fig. 166.—Use steel leveling blocks to center the main shaft. 

Pennsylvania Pump & Compressor Co.) 


(Couttesy of 


covered until after grouting, do not consider the condition alarm¬ 
ing.) Now lower the opposite frame on its anchor bolts and put 
it in an approximately level position. 

Level ibis side to the other by placing a line or straightedge 
acKWBljbe bottom of the main-beairing jawe (Mg. 166 ), and acroiss 
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the cylinder flanges of the two frames. vSometimes this head-end 
leveling can be done by laying the straightedge across the two 
crosshead guides. Line up the two main-bearing-jaw faces next 
to the cylinder so that they are directly in a straight line, using a 
good straightedge or piano wire, preparatory to putting in the 
crankshaft. 

Check the over-all distance over the outside ends of the main 
bearings or bearing housing against the distance between the 
disks on the crankshaft to make sure that the center distance of 
the two frame halves is correct and that the end clearance between 
the disks and main bearings 
is sufficient to lot the shaft 
into position. This measure¬ 
ment can be checked with a 
wood stick 1 in. shorter than 
the disk span. Fit a nail in 
each end to make up the re¬ 
maining distance. A light 
tapping on either nail will ad¬ 
just the stick to the accurate 
length. 

The final alignment of 
frames and the main shaft can 
be done either with leveling 
blocks or by using the regular 
main bearings. Leveling 
blocks, eight in number, sup¬ 
port the shaft and its bear¬ 
ings as shown in Fig. 166. 

Place two blocks on the floor of 
each ma,in-bearing jaw and adjust the frames until the main shaft 
rests evenly on all four blocks. For lengthwise alignment of the 
frames, place two blocks between the main shaft and the two 
upright ribs of each main-bearing jaw. Then move the frames 
until the blocks fit snugly; if all four are in contact with the shaft 
accurate lengthwise alignment is assured. These side blocks can 
be supported at the center of the shaft by wood strips. 

Leveling with Main Bearings^—Frames also can be leveled 
with the bottom sections of the main bearings in place. Care¬ 
fully wipe the bottom of the bearing blocks and the inside of the 


The disfonce from 
fhe shoff to pomfs 
A and B musf be 
equal 



Fia. 167.—Checking shaft in main bear¬ 
ing with alignment gage. 
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bearing jaws so that specks of dirt do not adhere to any of the 
surfaces that go together. Set the blocks in the frame. Check 
the over-all distance over the outside ends of the bottom halves 
of the bearings against the distance between the crank disks on 


AJtow clearance befween face 
of crank disc and finished face 
on*bedpiafe, clearance should 
be measured wilh opposife disc 
fig hi againsf 
face of bed ^ “ 


^Check alignmenf at fhese 
poinfs fo insure shaft 
being square with ^ through 
frames 



Ley/el can be^ 
checked here 

t main shaft - 


Run wire through 
frame and cylinder^ 
for lining up\ 

\ 

\ 

i of comp. 


Mse straight-edge between frames ; 
1 at these finished faces as indicated 
'\by dot-dash line to secure horizon- 
fa I and vertical movement 

i . 

1 Alignment can be checked from f 
shaft with parallels of ter shaft\ 
is in place 


of 

cylinders 





I \ 

Level in both directions-^ 
at this point both Lit. 
and PM sides 


^Level at this point, 
both L.H, andkti.sides 


Fia. 168.—Follow these directions when leveling compressor frames. 


the shaft to make sure that the center distance of the two frame 
halves is correct and that the end clearance between the shaft 
and bearings is sufficient to let the shaft into position. Lower 
the abaft into position and slide endwise until the eleiu^ce 
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between crank disks and bearings is all at one end of the shaft. 
The total end clearance usually runs from 0.006 to 0.035 in., 
depending on the size of the machine. 

Select a bolt and its nut long enough to place in a horizontal 
position between the shaft and the center of each bearing jaw 
to act as a jackscrew. Put a piece of brass or copper between 
the bolt and the shaft to prevent marring its surface and jack 
the shaft back against the bearing block and the block against the 
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Fig. 169.—Sag table for piano wire. {Courtesy of IngersolURand Co.) 


frame jaws. Very little pressure is required to force the shaft 
and bearings to position. 

CJheck with a 0.0016-in.-thick feeler gage to see that there are 
no spaces between the back and bottom faces of the bottom 
halves of the bearing and the bottom and sides of the bearing 
jaws. An adjustable alignment gage serves to check shaft and 
frame alignment. Some bearing jaws carry oblong spots A and 
B scribed near the outer edges of bearing jaws for applying the 
gage as ^own in Fig. 167. Should the gage show that the shaft 
is not the same distance from both spots on either jaw or with 
h<!)4h jaws, move tme frame mthm' forward or backward just 
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enough to allow the alignment gage to read the same on both 
frames. Should only one jaw now fail to line up with the shaft, 
this indicates that the tramming should be rechecke'd because 
one of the frames is out of parallel with the other. During 
erection at the factory, the maximum allowable difference 
between the two spots and the shaft in any one jaw is only 
0.0005 in. 

Next run a piano wire through the frame and cylinder bore 
(if the cylinder barrel is in place), the packing gland, and the 
hole through the rear end of the frame as shown in Fig. 168. 
Stretch this wire taut (Fig. 169) and center it accurately over 
its entire length. Turn the main ►>haft so that the crankpin on 
each disk touches the wire, and measure the distance from the 
disk face to the wire (Fig. 168). Turn the shaft 180 deg and 
take another measurement. If the shaft is perpendiclilar to the 
cylinder center lines, these distances vill be equal. With the 
wires still in place measure the horizontal distance between them 
at the frsnt of the frame or cylinders, at the crossheads, and 
behind the rear end of the frame. If the frames are parallel these 
measurements will be equal. 

When the frame halves are center-punched to show the dis¬ 
tance of separation as shown in Fig. 170, they also carry two 
punch marks A and B to use as a gage for the over-all length of 
the tram. If the tram is not furnished, make one from a or 
J-in. rod long enough to match the two standard center-punch 
marks. 

Alignment Difficulties. —Difficulty in aligning a two-frame 
compressor arises from the fact that each adjustment quite often 
throws the unit out of level in some other direction. This 
causes considerable confusion unless every point is rechecked 
after each individual change. To sum up: Each frame must be 
level in the direction of its center line and at right angles to this 
line; the two frames must be level with each other in the same 
horissontal plane, and thfeir center lines must be parallel and the 
correct distance apart; and the main-shaft center line must be at 
right angles to both cylinder center lines while passing through 
the centers of both bearings. 

If a compressor frame with flat crosshead guides tilts sideways, 
Ae crosshead cannot adjust itself to this position. However, 
tide will not «^ect aligmnent of a compressor with bored guides 
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(Fig. 149) because the crosshead can shift to remain perpen¬ 
dicular to the shaft (Fig. lG4/i) without disturbing the working- 
plane, although the main bearing will have to be refitted. 

The misalignment (Fig. 164C) shows one frame lower than 
the other. The bored guides allow the crosshead to turn slightly 
and the working plane stag's perpendicular to the shaft, but the 
shaft thrusts toward the low bearing and both bearings will 

Low-pressure or 



Fig. 170.—^Leveling points are generally marked on compressor frames. 


require special fitting. This misalignment, if not too great, can 
be corrected by shimming up the low bearing. In D out-of*^ 
parallel frames cause the connecting rod to move in three dimen¬ 
sions, which produces a side thrust on the crosshead. 

Most compressors with 12-in. cylinders and larger are usually 
fitted with a cylinder foot-piece support (Fig. 161). These fre¬ 
quently consist of three parts—an elbow, a distance piece, and a 
footplate. The elbow is held to the foot piece with four tap 
bolts. Jackscrews between the elbow and the footplate provide 
temporary adjustment during line-up, after which this space is 
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filled with shims. A ^-in. filler should always be inserted between 
the elbow and footplate to provide clearance for breaking the 
pipe joint when the cylinder is to be removed. 

Aligning the Cylinder.—To align a cylinder with the frame, 
place the pedestal in position under the cylinder and remove its 
outer head. Then raise the cylinder to the proper height in a 



Fio, 171.—Checking parallelism of connecting-rod bearings. {Courtesy of 

Power.) 


level position and move it into the frame joint of the bore. 
Tighten the stud nuts temporarily to hold it in this position. 
Clean the intercooler or piping flange and place a machinist's 
level on it parallel to the mhin shaft and crosswise of the cylinder. 
Roll the cylinder until it is level with the frame and tighten the 
frame head bolts, meanwhile watching to see that the level 
condition is not disturbed. 

Next place the level on the bottom of the cylinder bpre at right 
anises to thto main riialt or parallel to the piston travels Put 
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wedges under the cylinder pedestal and raise the far end until 
the bore is level with the crosshead guide. The cylinder must 
be level with the frame. When using a machinist's level on a 
curved surface, always check the crosslevel to be certain that the 
level lies at the extreme bottom or top of the curve and at right 
angles to the curve. 

Checking Piston and Connecting Rods.—Manufacturers 
usually put two center-punch marks a given distance apart 
somewhere on the compressor frame as a setting for trams used 
to couple the piston rods to the crossheads. Corresponding 
punch marks will be found on the piston rods and crossheads. 
After these parts are in place 
align the connecting rod with 
its crank and crosshead. 

Place the machine on dead 
center with the crosshead pin 
removed (Fig. 171C) and 
move the crosshead forward 
so that the connecting-rod 
boxes clear the inside faces of 
the crosshead. Then draw 
up the adjusting screws on 
the crankpin box so that the 
connecting rod is held firmly. 

If the crosshead-pin boxes remain equidistant between 
inside faces of the crosshead (B) when this test is made at all 
four 90-deg crank positions, the crankpin and its bearing faces 
are true. 

Check crankpin alignment in the same manner by replacing 
the crosshead pin and setting the machine on dead center. 
Loosen the adjusting screws on the crankpin boxes, remove the 
retaining washer and cap screw, and tighten the adjusting screws 
on the crosshead-pin box. Check the position of crankpin 
boxes relative to the crank disks at all quarter positions of the 
crank. If the crankpin boxes are just free of the crank-disk 
face (A), the connecting rods are in proper alignment. 

Attadhing the Slywheel. —^Two-piece flywheels are usually 
shipped separate from the shaft. In preparation for assembling 
tuitt the main shaft until the keyway faces upward. Lower the 
iPik^jfed half iuto the wheel pit and hlooh it up into position 



Fig. 


'"Special plug 


172.—Steel plug and bolt opens 
flywheel bore. 


the 
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against the shaft. Lower the other half over the shaft and key 
and carefully match the fit. Be careful to see that one half of 
the wheel has not been turned end for end. 

When the flywheel is properly set in place on the shaft, bring 
the hub and rim faces even. If the hub faces will not stay even, 
hold them by wedging halves of the flywheel. The hub bolts 
must be made tight while the hub faces are even. After tighten¬ 
ing the first bolt in place, next tighten the one adjacent to it, 
then follow with the other two. The rim links can be inserted 
in their slots by heating them to a cherry-red color; do not over¬ 
heat. Keep the rim faces even while inserting the links. 



Fig, 173.—Practical pointers for installing compressors, {Courtesy of Ingersoll^ 

Rand Co ) 


Flywheels with solid rims and split hubs must have their hubs 
opened up to slip on the shaft freely. The key is usually a drive 
fit in the shaft and a sliding fit in the hub. First put the key in 
the shaft and then loosen the hub bolts. Drive wedges in the 
hub split to expand the bore enough to slip over the shaft. Do 
this expanding carefully; if the wheel does not slip on easily look 
for an obstruction of some kind. Wheel hubs having sufficient 
gap space can be expanded with the bolt and plug or washer 
shown in Fig. 172, 

After running the madiine a short time, if the flywheel has 
been found to run true, remove the through bolts one at a time 
and heat until the section between threads and head is a charry 
red. Dip the threaded end into water and cool until its color 
dhij^pears- Quickly insert it into the flywheel hub and ti^ten 
thh iruts m much as possible. Ih.e bdts as cod, and 
























INSTALLING THE COMPRESSOR 


171 


the increased tension thus produced ensures a wheel that should 
never loosen. 

Lining Up the Motor.—Since the rotor of a direct-drive motor 
usually depends on the compressor bearings for support, it is 
obvious that the stator of the motor must be exactly in line with 
the compressor shaft. After locating the compressor and firmly 
securing it in position, put the motor bedplate or slide rails 
carefully in place and level in both directions. Do not grout in 
the bedplate until after the stator and r()tor are located and 
accurately aligned. Before assembling the rotor on the shaft, 
remove all protecting grease or paint. It is extremely important 



that the rotor be tight on the shaft and that it run true. The 
final position of the stator must be such that its center line coin¬ 
cides with that of the rotor. 

This point is of great importance, since in any other position 
there will be a strong end thrust which will overheat and may 
seriously damage the compressor bearings. In addition to 
being located with respect to the rotor along the shaft, the 
stator must be set so that the air gap is equalized around the 
circumference and on both sides. After the air gap has been 
equalized in one position of the rotor, rotate it one quarter turn 
and check at four equally spaced points on both sides. The air 
gap on the horizontal must be exactly equalized. Any large 
error ih adjusting the air gap will cause severe strain on the shaft 
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and excessive wear in the bearings. Moreover, it frequently 
causes the motor to be noisy. 

Provision is made for sliding the stator along its foundation 
bedplate to provide easy access to the rotor and stator coils. 
When putting conduit, potheads, or other equipment in the pit, 
be careful that they do not interfere with this movement. 

Collector rings must be truly centered on the shaft so that they 
run true and without eccentricity. Fasten the brush rigging so 
that the brush holders clear the rings by about | in. Sand in the 
brushes until each one makes maximum contact with the ring. 



Fig. 175.—Always install a safety valve between cylinder and stop valve. 

{Courtesy of Compressed Air Institute.) 

After the unit has run several days, recheck the motor align¬ 
ment and then dowel the stator to its bedplate. This running 
time permits any errors in alignment to show up. Doweling 
serves to hold the stator in the correct position and facilitates 
returning it to its proper position after removal. 

Adjusting Belt Drive.—After setting a belt-driven compressor 
and its driver in position, move the driving pulley.so that its 
V-groove centers line up with those in the sheave wheel. Slide 
the motor or engine toward the compressor so that the bdts 
can be moimted without stretching them over groove ridges. 
Adjust the belts so that with one side tight, the loose side can 
be depressed in or out about 1 in. at a point midway between 
the two sheaves. Screws mre provided on the en^e w motor 
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frame to facilitate this movement. To tighten the belts, loosen 
the motor or engine hold-down bolts so that they are free, but do 
not remove them. Take up evenly on the two sliderail screws to 
move the engine or motor away from the compressor. In this 
way the driver will not move askew, with consequent misalign¬ 
ment of sheaves. When the belts are adjusted, retighten the 
hold-down bolts. Never allow the belts to run too tight, as 
this will cause them to rupture and also places an excessive load 
on the bearings. Slippage is indicated by a high-pitched squeal 
or by burning of the belt. 

Air Intake.—Run the compressor intake (Fig. 173) to the out¬ 
side of the building and keep it at least 8 to 10 ft above ground 
level. Attach a good filter to the air inlet and locate it so that 
steam, water, excessive dust, or other waste discharged from 
near-by vents cannot be blown or drawn into the intake. Install 
a hood covering to keep out rain and snow. Locating the intake 
at the cool shady side of the building is much better than placing 
it directly over a roof where the air may be 5 to 10 F hotter than 
at the side (Table 23). 


Table 23.—How Intake Temperature Affects Compressor Capacity 


Temperature of 
intake, F 

Relative intake 
volume required, 
cu ft* 

Temperature of 
intake, F 

i 

Relative intake 
volume required, 
cu ft* 

30 

925 

80 

1,019 

40 

943 

90 

1,038 

60 

962 

100 

1,057 

60 

981 

no 

1,076 

70 

1,000 

120 

1,095 


* Intake volume required to produce 1,000 cu ft of free air at 70 F. 


If it is not possible to place the intake outside, the air can be 
taken directly from the compressor room. However, as the 
toom temperature is usually much higher than the outside air, 
considerably more power will be required to compress the same 
amount of air by weight. The lower the intake-air temper¬ 
ature in relation to the temperature of the air at the tools, the 
greater the amount of energy delivered to the tools or work. 

It ijs equally important to safeguard against drawing moisture 
Iflito the cyhndws. Arrange the piping so that the moisture will 
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drain off before it reaches the cylinder. Never run intake lines 
near steam or hot-water lines, for this radiating heat raises the 
intake-air temperature and causes considerable loss in efficiency 
of the unit. For every 5 deg reduction in the intake-air tem¬ 
perature there is an actual capacity gain of approximately 1 per 
cent. 

The intake-pipe diameter must be equal to or larger than the 
connection on the cylinder and never less than 25 per cent of 
the piston area. It should be increased 1 in. in diameter for 
every 10 ft in length measured from the compressor. A low 


A" Discharge pipe for single-stage compressors 
B” Discharge pipe for two-stage compressors 
C" Compressed-air lines, 17b pressure drop per lOO-ft.of pipe ■ 
O'" Compressed-air lines,57o pressure drop per lOQ-ft.of pipe 



M I M I n r ii i -[ -rr ni 

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 

Free Air Flow-C.FM. 

Fig. 176. —Pipe sizes for transmitting compressed air at 100 psi. {Courtly of 

Power.) 


intake-pipe velocity (which should not exceed 1,200 ft per min) 
reduces friction and consequent pressure loss, and also tends to 
reduce air pulsations. Make the intake pipe as short and direct 
as possible and use long-radius bends instead of short elbows 
where a change in direction occurs. When one intake pipe or 
duct serves for more than one compressor, make the cross-sec¬ 
tional area of the main duct at least as large and preferably 
larger than the combined areas of all the individual intake pipes. 
In branching from the main pipe avoid sharp corners. 

The intake pipe can be of cast iron, black or galvanized steel 
pipe, or any other material which will not crack and which ydli 
keep.out moisture and dirt. Glazed vitrified pipe with cemented 
joints (Hg. 174)> all embedded in concrete, makes good con- 
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struction. If a concrete duct is used, coat the inside surface 
with a good waterproof paint. Avoid intake pipes of rectangular 
cross section, particularly when using wood or metal for the 
duct. Rectangular cross section gives large flat sides, which are 
very susceptible to vibration. Wood is not a good material for 
intake purposes unless lined with metal because cracks soon 
develop and dirt and moisture are free to enter. 

Should a shutojff be necessary in the intake, install a gate-type 
valve. Inserting a valve in this line calls for a small receiver 
between the valve and compressor to reduce intake pulsations. 





Pipeline Indicator Cards 




Fig. 177.—Extra power required because discharge line was too small Dotted 

hnes show reduction when larger pipe was installed. {Courtesy of Power.) 

The receiver also collects dirt and moisture and should therefore 
be drained periodically. The intake pipe must be thoroughly 
cleaned and absolutely free from all scale and dirt before the 
compressor is started. When the line runs underground, pull a 
swab through it occasionally as a check against surface-water 
leakage or condensation. 

Discharge Line. —^The discharge pipe connects the compressor 
cylinder to the aftercooler and the aftfercooler to the air receiver. 
It must be at least as large as the flanged or threaded outlet on 
the cylinder, and should be short and direct with as few bends as 
possiMe, these being made with long-radius elbows. All joint 
garskets should be made from oil-resisting material; otherwise, 
<M will soon destroy them* Connect a safety valve, capable of 
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discharging compressor capacity to hold the pressure to 10 per 
cent above normal, in the discharge line between the cylinder 
outlet and the first valve in this line (Fig. 175). Also provide a 
drain valve in the lowest point on the line so that accumulated 
oil and moisture can be drained. Insert an aftercooler between 
the compressor and the receiver. 

The piping must be well supported so that it imposes no strain 
on the compressor cylinder, aftercooler, or receiver. Any shutoff 



Fig. 178.—Extra power required because of discharge-pipe pulsations. Dotted 

lines show reduction after installing surge chamber. {Courtesy of Power.) 

valves installed in the air line should be of gate design to mini¬ 
mize friction loss. 

Line losses come from air friction on the inside of pipe and 
fittings, pulsation of air pressure, and air leakage. Pipe lines 
that are too small for the air volume handled cause excessive 
pressure drop and power loss. The size or length of pipe between 
the compressor and receiver, or between the compressor and a 
right-angle bend in the discharge, may be such that it will 
produce surges in resonance with the frequency of the cylinder 
discharge. Wh^ such surges occur, discharge pressure goes 
hi^er than normal, with a corresponding power loss. In Fig, 
176, curve A gives the recommended discharge-inpe sizes tot 
sini^eHStage compressors* mui curve B tot two^stai^ units. 
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Indicator diagrams (Fig. 177) show a condition where the line 
from the compressor to the receiver is so small that it causes an 
excessive pressure increase each time the compressor discharges. 
These cards were taken simultaneously on the high-pressure 
cylinder and on the discharge line, the indicator drive in both 
cases being connected to the high-pressure crosshead. Nor¬ 
mally, this compressor would require 250 hp for continuous 
operation against 100 psi, but in this case it required 265 hp, 
which caused the driving motor to overheat. The dotted line 
shows the cards after a larger pipe was installed. 


Air in 



<-Tesf sofefy valve 
regularly 


X^^^'lnspect regularly 


Receiver 


—► Air ouHef 

Drain air receiver 
daily} if line has no 
affercooler, drain 
several fimes daily 
Fia, 179.—Suggested safety measures. 


The effects of pipe-line surges are best illustrated by a typical 
compressor and compressor-discharge pipe-line indicator card 
(Fig. 178). Pulsations set up in the pipe line were of such fre¬ 
quency that the waves returned to the compressor at the instant 
of discharge. This caused a build-up in pressure for part of the 
cycle and increased the work required to deliver air to the line. 
During the rest of the cycle, pressure fell below normal to give 
an average of 100 psi, as indicated on a damped gage connected 
to this line. 

The cards show about 30 hp exce^ load due to pipe-line pulsa¬ 
tions, which was corrected by connecting a pipe tee and a short 
l^gth of pipe, equal to half the cylinder volume, to act as a 
surge chamber. Pipq-line and compressor indicator diagrams, 
taken after the change was made, are shown in dotted lines. 
The lower compression lines were probably caused by the lower 
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temperature of the cylinders as the discharge-air temperature 
dropped from 240 to 225 F after installing the surge pipe 
Air pulsations may be suspected if the motor is overheating or 

llr To determine 

the existence of these surges, take indicator cards on the line- 

a ways take diagrams when a new machine is installed. 

pnw Using air receivers of unsound or questionable 

construction is asking for serious trouble. Most states now 
incorporate in their laws the ASME standard of construction 
or unfired pressure vessels. Therefore, compressor manufac¬ 
turers comply with these regulations. Table 16 gives ASME 


Air io fools - 


Wafer in^ 


Air in 



Wafer ouf 

. 

Kio. lS0.-n .eceiver or Iw UH U toward drain Une. 

recommendations for the minimum-size receiver that will dampen 
discharge pubations and give a steady flow of air. This volume 
usually equals one sixth to one tenth the free-air capacity of the 

sS'Inr'; more storage capacity for 

start-and-stop operation or to supply heavy instantaneous loads 

mCn! surfaces, to 

protect It agamst external corrosion. When located outside, set 

the receiver on a suitable foundation. Keep the metal surfaces 
and seams cleaned and well painted. 

hZT. vertical unit, 

have the concave (pressure side) head at the bottom (Pig. 178) to 

C^^^^tadr^uJiueiathemiddle 
automatic drain trap. A horitontal 
dh;^% on brick, conwte, or wooden 
» Cradle rt on metal sidms to prevmt eofToiidii 
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moisture in these surfaces. Give a horizontal unit (Fig. 180) a 
slight pitch and connect the drain line at the low point. 

Always install receivers in such a position that all drains, 
handholes, and manholes are easily accessible; allow clearance at 
all points to permit a complete external inspection. Never 
bury an air receiver underground or place it in an inaccessible 
location. 


24 
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18 H 
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4H 
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Draw straight line from‘‘Nominal 
Pipe Size’^through type of fitting 
The intersection on “Feet of Pipe” 
scale gives the equivalent res¬ 
istance expressed m feet of 
straight pipe 




h5 
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d) 

CL 

o 


8i 

7 iLPEII Run Stc(^ee 

Standard elbow 
Close-ret bend 


r Gate valve 
rMedium radius elbowf 


Globe valve 



Steam-Air-Gas 
for water add 20% 
for flange fittings multiply by 075 


Fig. 181.—Equivalent resistance of screwed fittings. 


h60 
h70 
-80 
h90 
^100 

{Courtesy of Power.) 


Provide each receiver with an accurate pressure gage and oUe 
or more spring-loaded safety valves, set not to exceed the ves¬ 
sel's safe working pressure. The valves must be able to discharge 
full compressor capacity without allowing the pressure to exceed 
normal by mm-e than 10 per cent. When cmmecting a new com¬ 
pressor to an existing receiver, be sure to install sjrfety-valve 
capacity to take eaxe of the new unit. Connect service lines for 
tmloaders to the receiver rather than to Hie compressor-discharge 
line. Insert a moisture wd sediment trap in this line. 
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Compressor manufacturers recommend connecting the air- 
discharge line into the receiver near the top and taking the plant 

400 300 200 100 Gage Pressure^ psi 



003 Q04 006 008 010 015 02 05 04 06 08 LO 15 2 

Pressure Drop, psi per 100 Ft Copyright Walworth Co, 


Fig. 182.—1,000 cfm of free air flowing through a 4-in. standard-weight pipe 
under an initial pressure of 100 psi gage loses 0.225 psi for every 100 ft length of 
run. Enter the chart at A and B, follow the point of intersection diagonally 
to »ze of pipe C, and then drop down to the bottom scale. (Coutiesy 
worth Co.) 

load supply out near the bottom (Fig. 179). With this hookup 
the coldest air will be near the bottom^ but it may not be* any 
drier because moisture carry-over coming in at the top uaturally 
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falls through the lower air. High outlet velocity can carry this 
moisture out into the main line, whereas with the outlet from 
the top the air would be warmer but would not carry much 
excess moisture. Having the inlet at the bottom prevents 
incoming moisture from passing the outlet as it falls to the 
receiver bottom. 

Distribution Lines.—The pipe line from the receiver to the 
point of distribution can be smaller than that from the compres¬ 
sor to the receiver, since, for the former, air flow is steady and 
the air volume reduces in cooling. Compressed-air transmission 
of necessity entails pressure drop. Curve C (Fig. 176) shows pipe 
sizes on the basis of 1 per cent loss per 100 ft at full line capacity. 



Fig. 183.—Take all outlets from the top and slope the main to a drain pocket. 

{Courtesy of Factory ManagemerU and Maintenance.) 

Since demand varies, the average loss will be less than 1 per cent. 
For comparison, pipe sizes givpig a calculated 5 per cent loss per 
100 ft at a corresponding rate of air flow are shown by curve D, 
The length of pipe includes an equivalent length for elbows, 
valves, and other fittings. Complete data on the proper equiva¬ 
lent to use for different fittings will be found in Fig. 181. 

As an example of how to use the curves in Fig. 176, assume 
that a typical industrial plant uses a maximum of 1,000 cfm of 
air and has a 200-ft main supply pipe, including necessary fit¬ 
tings, between receivers and branch lines leading off to points of 
use. According to curve C, the distribution line should be at 
lea^t a 4-in. pipe. If 2.5-in. pipe were used, the loss in 200 ft 
would be 10 per cent if fully loaded, 8 per cent at 760 cfm, and 
24 per cent at 600 cfm. Assume 760 cfm and a power input of 
kw to the compressor motor at this capacity. Taking the 
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average loss at 8 per cent, power loss is 8.96 kwhr per hr, which, 
at 2 cents per kwhr, represents a cost of $0.18 per hr. 

Only the air volume and pressure that actually arrive at the 
point of use can do any useful work. Energy lost through 
pressure drop (Fig. 182), and air lost through leaks cannot be 
recovered. Here is how to avoid them. 

1. Plan pipe sizes generously, to keep pressure drop between the receiver 
and the point of use to 5 psi or less. 

2. Where possible, use a loop system around the plant and within each 
shop or building. This usually costs somewhat more but has the advantage 
of giving two-way feed to the point of greatest air demand. If an existing 
installation is overloaded, remarkable improvement can be made by install¬ 
ing an additional line parallel with the first and providing connections 
between them at several points. If part of the new feeders can be taken 
off the new line, so much the better. 

3. Place good-sized receivers near the far ends or at points of heavy use 
on long systems. Without storage capacity near such points of use, the 
pressure will drop excessively. 

4. Provide numerous outlets on each header or main for hose-attached 
air-operated tools and devices. Always put the outlet at the top of the pipe 
so that moisture will not be carried along out of the header. If several tools 
are to be connected to one outlet, be sure to make it sufficiently large. The 
main (Fig. 183) is sloped to a drain with all outlets coming out at the top. 
Such a system with its drop-legs, traps, and screens prevents moisture 
and dirt from getting into the tools and eliminates waste of time and air for 
the morning blowdown to clear the lines of water. 

Practically, it may be assumed that the loss in power of a 
pneumatic tool is directly proportional to the drop in pressure at 
the throttle. Pressure drop increases with added rate of flow 
through pipe, hose, and connections. A large part of this loss 
comes from the use of improper hose and fittings. 

The curves (Fig. 184) show the horsepower developed by a 
tool with 90 psi at the hose entrance at various speeds and with 
different hose arrangements. Actual air pressure at the tool 
throttle is shown in Fig, 185. These data represent a test of a 
typical pneumatic tool requiring from 75 to 85 cfm of free air. 
The horsepower is shown in per cent of the maximum for more 
ready indication of production losses. 

Curve A (Fig. 184) using 12^ ft of f-in. hose, is considered ba^ic. 
This is the minimum hose length that could be used. Most tools 
of lar^r variety will require at least a 60-f t length. To make it 
easier hr the operate^* to handle the tool, a short section or #hip 
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of lightweight flexible hose frequently is put between the main 
hose and the tool. 

The cumulative total of many small leaks is surprising. It is 
probable that few plants would show less than 10 per cent, and 



{Courtesy of Factory Management and Maintenance ) 



Fig. 186.—Actual air pressure at throttle of a tool requiring from 76 to 85 cfm of 
free air. {Courtesy of Factory Maiuigement and Maintenance,) 

most would probably waste from 15 to 20 per cent. A plant- 
leakage test is not difficult to run. First, see that all valved 
outlets are closed. Bring the pressure up to the operating point 
with, one compressor and permit it to load and unload, maintain- 
tng tbifct pressure for m hour. Keep a record of the time the unit 
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operates at each load point, so that the load factor over the test 
period may be calculated. From the latter and the known full¬ 
load capacity, the leakage may be determined. Figure 186 



Fig. 186.—When air goes to waste, dollars go with it. The values above are 
based on a cost of 6 cents per 1,000 cu ft. {Courtesy of Factory Managemerd and 
MairUenance.) 


gives some indication of the volume and value of air wasted 
through leaks. 

Large leaks can be checked by sound when the plant is quiet, 
but an application of soapsuds or oil to the joints is best for 

detection of small ones. An aro¬ 
matic material such as essence of 
peppermint injected into the com¬ 
pressed air sometimes helps, 
because the odor becomes most 
pronounced at the leak. 

Cooling-water Piping.—Protect 
the cooling-water system by install¬ 
ing a suitable strainer on the main 
supply line. .Provide flanges or 
unions on all pipes near the com¬ 
pressor and arrange them so that 
the various parts can be removed 
with the least disturbance to the 
piping. Insert drain valves at all 
low points so that the entire system 
can be drained during shutdown in freezing weather. 

Even though an automatic valve starts and stops water flow 
(Fig. 121) to the compressor, each cylinder and the intereooler 
should have its own regulating valve set to ma intain a constant 
inflow. Put these control valves on the inlet, with tflo Outlet 



Fig. 187.—^Sight-flow funnel 
for cooling water. {Courtesy of 
Compressed Air InsHtide,) 
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free, allowing the water to fall into an open pipe or funnel (Fig. 
187) so that the water flow can be checked at a glance. 

Feeding the cooling water into the lower connection on cylin¬ 
ders and coolers and discharging it from the top, (1) in Fig. 188 



keeps the Jackets full at all times and helps to eject entrapped 
air. Insert check valves in supply lines branching from a cylin¬ 
der to the intercooler above to prevent the intercooler's draining 
down through cylinder passages when the water is turned off, 
Esdiseioely cold cooling water, havii^ a temperature lower than 
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the incoming air and flowing freely through the cylinder jackets, 
causes moisture condensation on the cylinder walls. This 
condensation destroys the lubricant and causes rapid wear. 
One suggested piping arrangement feeds the cold water through 
the intercooler to the low-pressure cylinder and then to the 
high-pressure cylinder, (2) in Fig. 188. Because the intercooler 

requires more water than the cylin¬ 
ders, a tee, inserted at the low-pres¬ 
sure-cylinder inlet, leads to a discharge 
valve through which the excess water 
goes to waste. 

On a closed cooling-water system 
the jacket control valve should be 
placed on the inlet side; however, if it 
is located on the outlet side, install a 
relief valve between it and,the cylinder 
to prevent excessive pressure from 
building up in the jackets. Jacket 
water pressure should never exceed 40 
psi unless approved by the manufac¬ 
turer. Install sight-flow indicators on 
the water discharge to show positively 
that the water is circulating. Also by¬ 
pass the outlet to an open funnel (Fig. 
189) so that the cylinders and coolers 
can be tested at frequent intervals to 
make sure that there are no leaks in 
the jacket or in the intercooler tubes. 
If the water discharge is open to an 
overflow funnel and the valve on the discharge line is shut off, 
any air leakage into the water spaces will be discovered at once 
by air flowing out with the water. 

To facilitate cleaning cylinder jackets and cooler tubes, insert 
a tee between the control valve and the cylinder or cooler inlet 
to serve as an air-hose connection. Discharging alternate slugs 
of water and air through the passages stirs up and flushes out 
sediment. Never apply more than 40 psi air pressure to either 
the cylinder jackets or cooler tubes. 

cWpleto Xnatallaticm^ —Make your compressor installation 
oomplete by providing adequate protective devicoa and indieat* 



Fig. 189. —Use this piping 
arrangement for a closed cool¬ 
ing system. {Courtesy of Com¬ 
pressed Air Institute,) 
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ing or recording instruments (Fig. 190). They are especially 
needed on a compressor in a remote spot without regular attend¬ 
ants, where well-chosen appliances working together can provide 
trouble-free operation. Local conditions may justify using all 
the following devices: 

Filters .—On suction lines, filters prevent dust and dirt from 
the atmosphere getting into the machine. On gas compressors, 
filters or scrubbers eliminate the possibility of sand and grit being 
carried into the compressor and damaging valves, piston rings, 
piston-rod packing, and cylinder walls. Obviously, since it is 
vital to filter air or gas passing into the machine, it is equally 
important to clean all welding shot, scale, and other foreign 
matter from a new suction line; otherwise, such dirt would be a 
source of trouble shortly after starting up. Far too many com¬ 
pressors are damaged during the first weeks of operation; even 
tools and overalls sometimes find their way inside machines. 

Safety and Relief Valves .—Install a spring-loaded safety valve 
on the compressor side of the by-pass to avoid damage in case the 
valves are not properly opened. Relief valves, of course, are 
required on steam-driven compressors at both ends of the steam 
cylinders, as protection against the gradual accumulation of 
condensation. These relief valves, however, are not large enough 
to take care of water slugs, such as occur from poorly designed 
steam lines having low spots without proper condensate drains. 

A steam-driven compressor having compound cylinders needs 
a safety valve on the steam receiver, set for a pressure slightly 
greater than normal. Any valve popping gives ample warning 
of steam-cutoff misadjustment or of something decidedly wrong 
with the engine. 

Drains .—Compressor intercoolers condense considerable mois¬ 
ture in the air, which must be drained instead of being allowed to 
pass to the next cylinder. Larger compressors frequently carry 
automatic drain traps as standard equipment for carrying away 
this condensate. Purchased traps for smaller machines and 
aftercoolers make it unnecessary to depend upon the operator to 
drain the condensate manually. Drains from the steam receiver 
and cylinders of steam-driven compressors require automatic 
drain traps. 

Oil Filters .—Most of the larger compressors use force-feed 
lubrication for the running gear, in which all frame bearings are 




Fig. 190.—Complete protection is provided by these safety devices. {CouHesy of Power.) 
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lubricated under pressure through drilled oil channels. Passing 
the oil through an approved filter keeps dirt out of the bearings 
Such filters are frequently standard equipment on compressors 
having full-pressure oiling systems that provide definite protec¬ 
tion to these parts. 

Overspeed Shutdown .—A steam- or gas-engine-driven compres¬ 
sor, being a variable-speed unit, is frequently provided with an 
overspeed trip. Such a machine has a load-control governor, 
but if this should stick and the machine overspeed, the tripping 



Fig. 191.—Overspeed safety stop opens magneto circuit. 

device would shut down the compressor. In most gas-engine and 
duplex steam-driven compressors, this device is standard equip¬ 
ment. It either opens the magneto (Fig. 191), shuts off the 
gas supply to the engine, or releases a latch and closes a butterfly 
valve in the steam-engine supply line. Similar devices for single¬ 
cylinder and smaller duplex steam-driven compressors may be 
purchased separately. 

OiLfailure Shutdown .—^Larger compressors fitted with pressure 
oiling are frequently provided with an oil alarm or shutdown sys¬ 
tem. Oil-pressure failure shuts the unit down and thus injury 
td the bearings is avoided. When shutdown is undesirable for 
installations that serve process work, an alarm can warn the 
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operator that something is wrong with the oiling system. Figure 
192 includes an overspeed and oil-failure trip. 

Jacket-water Valve .—In many plants, jacket and intercooler 
water must be turned on manually, just as a steam-driven 
compressor is turned on or an electric motor started manually. 
An automatic water valve, to shut down the unit if water pres¬ 
sure fails, may be operated by either pressure or temperature. 
Figure 193 shows a homemade water-failure alarm. 

Excessive-pressure Shutdown .—A pressure switch shuts down 
the compressor if the governor sticks and allows excessive dis- 



Fig. 192.—^Loss of oil pressure or overspeed closes the steam valve. 


charge pressure to build up. For a motor-driven machine, this 
simply means that a pressure switch is set to trip at a higher 
pressure than usual for a standard compressor regulator. For 
a gas-engine-driven compressor, the switch, set at a higher 
pressure than the governor, grounds the magneto. You can pro¬ 
vide protection for a steam-driven compressor in connection 
with the overspeed-shutdown device. 

Excessive-temperature Shutdovm .—Under normal conditions, 
a compressor seldom requires protection against possible exce^ 
sive discharge temperature other than the operating crew's usual 
inspection and maintenance. However, in many abnomal 
cqwratii^ or pressure conditions, protection from excessive dis- 
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charge temperatures is desirable. Where a compressor is visited 
by an attendant at infrequent intervals, a thermostat in the dis¬ 
charge line to shut it down is advisable. On a motor-driven 
compressor, this device opens the control circuit of the driving 
motor; on a gas-engine compressor, it may ground the ignition 
or operate to close the valve in the gas-supply line. On a steam- 
driven compressor, the thermostat can function through the over¬ 
speed shutdown, if one is provided. 

Main-bearing Protection .—When motor-driven compressors 
do not have a full-time attendant, the main compressor bearings 
can be protected by thermal shutdown devices. These open 



Fiq. 193.—Homemade cooling-water-flow alarm. {Courtesy of Power.) 

the control circuit and shut the compressor down if the tem¬ 
perature of the bearings becomes excessive. This device may 
be installed regardless of the type of oiling system. 

Discharge Thermometers .—On the discharge of each compressor 
cylinder, thermometers warn of excessive temperature within the 
cylinder and thus indicate that something is wrong with valves or 
piston rings. This requires a thermometer well in the pipe near 
the compressor cylinder. The thermometer may be either an 
indicating one, which must be read at intervals, or a recording 
one, which provides a permanent temperature record throughout 
the operating period. Thermometers are not so necessary on 
low-pressure compressors but are valuable when machines oper¬ 
ate at high pressures. 

MttUistage TempeHdure Protection .—On multistage compres¬ 
sors of two, three, four, five, or six stages for high pressures, a 
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thermometer on each cylinder discharge is the best means of 
determining whether the compressor is functioning normally and 
safely. Recording the operating temperatures and pressures of 
each stage on an engine-room log chart at definite intervals serves 
the same purpose as taking the temperature and pulse of the 
human body. Indicating thermometers are useful, but record¬ 
ing ones give a definite and permanent record. 

Recording Discharge Gage ,—A record of the pressure variation 
in the discharge line throughout the day is often desirable. A 
recording pressure gage provides this. 



CHAPTER VII 


COMPRESSOR OPERATION 

Careful Attention Prevents Damage. —Before placing a new or 
repaired compressor in operation take these precautionary 
measures to prevent machine damage. If you do not already 
have instruction booklets, secure them from the compressor 
manufacturer. 

First, inspect the intake filter and see that all essential parts 
are in place. Clean the intake piping of all foreign matter such 
as dust, welding beads, and rust particles. Clean the interior of 
the frame, crankcase, and oil reservoirs, using an air jet to blow 
out oil passages and clean rags to wipe out basins (Fig. 194). 
Do not use cotton waste, as linters will adhere to metal parts. 

Next fill all bearings, lubricators, and reservoirs, pouring the 
oil over the bearing journals so that every moving part receives a 
good wetting. A careful mechanic applies a light oil film to all 
bearings, cylinder walls, and piston rods during assembly. 
After filling the cylinder lubricator, disconnect the oil piping at 
the cylinder and operate the lubricator until oil issues from the 
open end (Fig. 195). Then reconnect the pipe and force several 
drops of oil into the cylinder. After the compressor operates and 
the lubricating pump and piping fills, bring the oil in the reservoir 
up to normal level. 

Remove all tools and blocking and inspect the unit thoroughly 
for loose parts and foreign objects. Turn on the cooling water 
and check its flow through all jackets and coolers. Trace out 
the piping. The water supply must enter each cylinder and 
cooler at such a point that complete filling occurs before any 
water discharges. Look for cross connections in the piping that 
might allow some part to empty during normal water shutoff. 

Turn the imit over several times by hand, this will reveal tight 
bearings as well as obstructions interfering with compressor 
movement* If no trouble appears during hand turning, apply 
driving fiower momentarily and let the machine coast to reat* 

m 




U 194.—Clean the oil piping and reservoirs before filling with new oil. 
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(The unit should be completely unloaded on the air end and the 
piston-rod packing should be adjusted loosely.) Close observ¬ 
ance during the coasting period will reveal any excessive tightness 
in the moving parts. The time that the unloaded machine con¬ 
tinues to roll after pressing the motor-stop button gives a fair 
indication of no-load friction; if no trouble is in evidence, the unit 
can be run without load, 

Operate variable-speed machines slowly, gradually increasing 
at reasonable intervals to full speed; constant-speed machines 
must come to full speed immediately. Bring the unit to rest 



Fig. 195.—Oil supply for tandem cylinders and piston lod. 


within 5 min and inspect the bearings and other moving parts 
for heating. Adjust the cylinder lubricator to feed not less than 
2 drops per minute during the breaking-in run. 

After running from 1 to 2 hr with inspection stops at 15-min 
intervals, apply a partial load. Continue the periodic shutdowns 
for inspection with a slight increase in load on each restart. 
During the running-in periods the crossheads, main and connect¬ 
ing-rod bearings, and piston-rod packings may require some 
adjustment. Use particular cafe with metallic or carbon rod 
packing (Fig. 196). Remove bearings that run hot, examine 
them, and scrape them to a proper fit. 

The entire breaking-in run should consume a minimum of 4 hr., 
and to do the job right requires a run of several days at light load; 
lar^r machines require a longer time. The initial loading 
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of automatic clearance-pocket-regulated compressors requires 
blocking the clearance valves shut unless sufficient air pressure 
from an outside source is available to hold them closed. After 
several hours^ operation, remove the cylinder heads and inspect 
cylinder-wall lubrication; continue these inspections daily until 
the correct oil feed is determined. After the first day^s run, 
drain and renew the bearing and reservoir oil. 

The importance of a break-in run cannot be stressed too 
strongly. The time and care spent in giving the running sur¬ 
faces a polished finish pay dividends by increasing compressor 
life. After the initial run, compressor operation resolves itself 


Above ConUr Lino—Typieel Intido Annular Gim Dosiflnt 



into maintaining a clean air supply, feeding sufficient cooling 
water, and supplying adequate lubrication. 

Vertical Locomotive Compressor. —Refusal to start may be 
caused by insufficient oil, failure of the lubricator to feed properly, 
or the fact that the oil has been washed away by condensation 
(Fig. 197). Leaky piston rings in the small end of the main- 
valve piston or the accumulation of rust during the time the com¬ 
pressor has lain idle may also cause failure to start. 

If the compressor groans, the air or steam cylinder needs oil, 
or the piston-rod packing is dry, causing the rod to bind. 

Uneven strokes of the compressor can come from sticky air 
yalves, improper lift of the air valves, plugged discharge-valve 
passages, leaky air valves, or binding of the reversing rod. 

Lack of capacity comes fronqi leakage past the air piston rings 
caused by poor fit or wear in the cylinder or ring, dirty valves #nd 
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air passages, or a clogged air-suction strainer. To determine 
which is causing the trouble, obtain about 90 psi air pressure, 
reduce the speed to 40 or GO single strokes per min, then listen at 
the air inlet and note if air is drawn in only during a portion of 
each stroke, or if any blows back. If the latter, an inlet valve is 
leaking. If the suction does not continue until each stroke is 



Fig. 197.—Vertical steam-driven compressors mount on engme-room wall. 


nearly completed, air is leaking past the piston rings or back from 
the main reservoir through the discharge valves. Erratic com¬ 
pressor fiction indicates worn valve parts. 

Compressor heating comes from clogged air passages, leakage 
past air piston rings, or the discharge valves having insufficient 
lift. Pounding will be caused by a loose air piston or loose 
reversing plate or the compressor may not be well secured to its 
foundation, or the reversing rod or plate may be so worn that the 
compressor motion is not reversed at the proper time. 

The compound compressor (Fig. 198) combines maximmn 
capacity and highest efficiency by compoundwg both the steam 
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and air ends to the extent that, while this compressor has a 
capacity over three times greater than the single-stage unit, it 
consumes but one third the steam per 100 cu ft of air compressed. 
The cross-compound compressor is an arrangement of two stand¬ 
ard single-stage compressors, actuated by the same controlling 
mechanism, with pistons moving uniformly in opposite directions. 



Fio. 198,—Cross section of compound steam-driven two-stage compressor. 

{Courtesy of Westinghouse Air Brake Co.) 

The low-pressure air cylinder mounts under the high-pressure 
steam cylinder, and the high-pressure air cylinder under the low- 
pressure steam cylinder. 

Compressor Lubrication.—Mechanical force-fee4 oiling, splash 
oiling, gravity feed, or drop oiling provides general lubrioat^ion 
for ' bearings, crossheads, and metallic piston-rod packing. 
WlOA&v&P l^he method; b<dd wear to a minimttm by keeping the 
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oil level at the proper height in the splash reservoir (Fig 199) 
and lubricators. Changing the oil at frequent intervals (monthlv 
or quarterly) and cleaning the reservoiis, pumps, oil passages, 
and piping add to the bearing life by furnishing a good supply of 
clean lubricant 

Single-acting compressors use crankcase oil to lubricate the 
cylinder walls as well as the crankshaft bearings Cylinder 
lubrication seals the piston and rmgs against air leakage and 



Fig 199 —An overhead basin supplies oil to the mam bearing and crank 

reduces sliding friction and wear Carrying too high a level 
splashes excessive oil up into the cylinder cavities and increases 
oil leakage past the rings. Continual splashing action of the 
connecting rods causes aeration of the oil, with resulting oxidation. 

Double-acting compressor cylinders are lubricated by oil fed 
from pressure lubricators. Cylinder-oil feeding rates depend on 
compressor size. While approximate rates serve as a guide, the 
only accurate way of determining how much oil to feed is to 
inspect the cylinder and valves. If these parts carry enough oil 
to give the metal a wet appearance or if a slight amount remains 
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on the fingers after wiping them across the cylinder surface, the 
lubricator is set properly. Sizable oil pools lying in cylinder 
recesses, clearance pockets, and valve cages show that the oil 
feed can be reduced. In checking cylinder appearance, do not 
overlook the fact that oil normally carried on the piston between 
rings will drain down on the bottom of the cylinder during 
extended shutdowns. Excess oil in the compression chamber of 
a singleacting machine lubricated by crankcase splash oil 
indicates worn and leaking piston rings. 

Buy a good grade of cylinder oil recommended by the com¬ 
pressor manufacturer and do not overfeed, because excess oil 
and dirt under high pressures in the presence of concentrated 
oxygen oxidizes rapidly. Internal deposits do not necessarily 
indicate an excess of oil; dust and dirt in the intake air may be 
partly to blame. Laboratory tests show that only about 10 per 
cent of a good compressor oil evaporates in a well-cjooled com¬ 
pressor cylinder. This produces approximately 0.90 oz of carbon 
during a yearns operation of a large compressor. If heavy 
deposits form, look for dirty intake air or check on the kind of oil 
being used. 


Tabi^b 24. —Gallons op Water per Minute per 100 Cfm op Free Air 


Water temperature 

60 F 

80 F 

Aftercooler or intercooler separate (80-125 lb 2 stage 
compression). 

1 0 -1.2 

1.4-1.6 

Intercooler and jackets in series (80-125 lb two-stage 
compression). 

1.4 -1.6 

1.9-2.1 

Aftercooler (80-125 lb single-stage compression). 

1.0 -1.2 

1.4-1.6 

Both low- and high-pressure jackets with water supply 
separate from intercooler (80-125 lb two-stage 
compressor)... 

1.85-2.0 

1.2-1.4 

Jacket for single-stage compressor 

40 lb air pressure. 

0.5 -0.6 

0.7-0.9 

60 lb air pressure. 

0.6 -C.7 

0.8-1.0 

80 lb air pressure. 

0.7 -0.8 

0.9-1.1 

1(X) lb. air pressure. 

0.8 -0.9 

1.0-1.2 

[ 


Eliminate possible explosions by using high-quality oil in 
correct quantities, by frequently cleaning the valves, clearance 
pockets, pipe lines, and receivers, and by supplying sufficient 
co<4iiig water to the compressor and coolens. 
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Cooling-water Requirements. —Cooling water circulated 
through the cylinder jackets serves to hold cylinder-wall tem¬ 
peratures below the oil vaporization point, helping to maintain 
an oil film. Cooling action in intercoolers reduces the power 
required for compression and causes condensation of moisture. 
Table 24 gives the recommended amounts of water for cooling 
purposes. Always turn on a liberal supply when starting the 
compressor. 

Water that carries sediment or scale-forming material will soon 
clog pipes and cylinder water jackets, causing high air tempera¬ 
tures. Scored cylinders and cracked cylinder heads have resulted 


Table 25.—Radiator Antifreeze Solutions 


Pure 

methyl 

Denatured 

Ethylene 

Radiator 

Freezes at deg 

wood 

alcohol 



wood 

alcohol 

glycol 

glycerin 

F 

C 


Percentages by volume 


13 

17 

16 

37 

20 

- 7 

20 

26 - 

25 

55 

10 

-12 

27 

34 

33 

70 

0 

-18 

32 

40 

39 

81 

-10 

-23 

37 

46 

44 

92 

-20 

-29 

40 

53 

48 

100 

-30 

-35 


from lack of cooling water when the machine was started. The 
water should discharge through a sight-feed glass or into an 
open funnel in plain sight of the operator. Portable and other 
compressors subjected to freezing weather need antifreeze solu¬ 
tions in their cooling systems. If the manufacturer's recom¬ 
mendations are not at hand, use the percentages given in Table 
25. Check the system for leaks, especially at the pump packing 
(Fig. ^), before adding the solution. 

When using parallel piping connections, regulate the water 
flow to the cylinders so that the discharge-water temperature 
does not go below 100 F or above 160 F. Supply the maximum 
quantity of water possible to the intercooler; sufficient water 
should flow through the aftercooler to lower the air temperature 
aa much as possible. Some aftercoolers will cooJ the air to 
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within 2 F of the cooling-water temperature. Maximum cooling 
should take place in the intercooler and aftercooler. Do not 
allow water to circulate through the cylinder jackets and inter¬ 
cooler when the compressor shuts down, because condensation 
will destroy the cylinder oil film. 

Inspect the Air Intake.—Clean intake air reduces wear on 
cylinder walls and pistons, minimizes dirt deposit on valves, and 
causes less contamination in process work. Cool air compresses 
with less power than warm air. Excess moisture must be 
separated after compression takes place. As these conditions 



Fig. 200.—A chain-driven built-in cooling-water pump for a diesel-engine- 

driven compressor. 

all affect the operation of a compressor, select the air source 
carefully. Figure 201 shows a homemade moisture separator. 

Excessive moisture and corrosive gases in the air cause valve 
trouble, a condition generally localized in the second stage of a 
two-stage compressor. The air, after passing through the first 
stage of compression and then being cooled, becomes saturated 
with water vapor. Corrosive gas absorbed by this water has 
increased corrosive action. Consult the manufacturer about 
protection for unusual conditions. 

Dirt or grit in the air not only causes valve trouble, but com¬ 
bines with lubricating oil to form a grinding compoimd which 
rapidly wears cylinder liners, pistons, and piston rings. Some 
iff this foreign matter will be carried in the air and cause rapid 
wear of pneumaric tools. Air-jQjitering equipment mnst he kept 
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clean and in place to ensure complete protection to the com¬ 
pressor Several examples will show the value of air filters. 

The valves on a 5,000 cfm compressor operating in a railroad 
shop required cleaning every 2 weeks when the air intake was 
unprotected. After installing a filter, cleamng frequency was 
reduced to once every 6 months. 

A large compressor-plant engineer saved $2,200, equal to a 
79 per cent reduction in previous repair costs, by installing filters. 

Table 26— Test Results op Steam-engine-driven Air Compressor 


Actual free air delivered, cfm . . 

4,551 

Piston displacement, cfm . . . 

5,108 

Volumetric efficiency, % 

89 08 

Ihp (steam cylinder) 

779 36 

Ihp per 100 cfm (steam cylinder) 

17 13 

Steam consumption, lb per ihp-hr 

12 73 

Steam consumption, lb per 100 cfm 

3 635 

Over-all efficiency (isothermal) .. 

70 34 

Steam conditions throttle, psi gage 

150 92 

Steam conditions superheat, F 

106 50 

Steam conditions exhaust, in Hg abs 

4 22 

Average intake barometer, psi. 

12 60 

Air discharge pressure, psi gage 

101 58 

Speed, rpm 

179 43 

Steam-cyhnder bore, in 

25 

Steam-cylinder stroke, m 

20 

Low-pressure air-cylmder bore, m 

28 

High-pressure air-cylinder bore, in. 

17 

Air-cylinder stroke, m . . 

20 

Weight of machine, lb 

185,000 


Another maintenance saving on two small compressors equaled 
62 per cent of the filter cost the first year. 

l^ere to Look for Trouble.—It is vitally important to find 
and repair compressor troubles before a machine reaches the 
breakdown stage. Here are practical pointers that tell how to 
detect the cause of such troubles and guard against extensive 
damage from them. 

1. After a new machine has been well broken in and you know it is m 
good shape, read the mtercooler pressure when the machine is operating at 
its normal intake and discharge pressure. If the normal intake and dis¬ 
charge pressures vary, take a number of readmgs at different pressures 
covering the range of operation Make a record of these readings for future 
reference. Table 26 shows test results of a steam-rdriven compressor. 
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The intercooler air pressure is a good indication of internal trouble in the 
cylinders. For every multistage compressor there is one correct intercooler 
pressure if the unit is operating properly. This correct pressure in psi abs 
can be determined to an approximate value by three methods, as follows: 

a, P XR X 1.09 

where P = intake pressure abs 

R — low-pressure cylinder diameter squared, divided by the high- 
pressure cylinder diameter squared. 

h. Assume that a compressor takes air at atmospheric pressure and dis¬ 
charges at 250 psi gage. The ratio of compression is 

250 -h 14.7 _ 

0 + 14.7 

Then the intercooler pressure is 

(0 + 14.7) X VTS = 62.5 psi abs, or 47.8 psi gage 

c. Obtain the same result by taking the square root of the product of the 
initial and final pressures. Then the intercooler pressure is 

‘\/264.7 X 14.7 = 62.4 psi abs, or 47.7 psi gage. 

2. A change from normal intercooler pressure indicates trouble within 
the machine. In multistage compressors, intercooler pressure when oper¬ 
ating at normal full load should equal the theoretical calculated pressure. 
If there is no explanation for pressure rise, leaky or broken valves in the high- 
pressure cylinder are indicated. If the pressure falls, look for leaky valves in 
the low-pressure cylinder. Unloading may change the normal intercooler 
pressure. 

Most compressors today have unloading devices that operate simultane¬ 
ously on all cylinders, thus maintaining fairly constant intercooler pressure. 
Process compressors, operating with either a variable suction or discharge 
pressure, have a fluctuating intercooler pressure. You may use hand- 
operated clearance pockets on either or both cylinders of such machines, to 
adjust within a reasonable amount an otherwise varying intercooler pressure 
resulting from variable intake or discharge pressures. 

3. When intercooler pressure indicates a leaky or broken compressor 
valve, you can tell which one is defective without removing all the valves. 
Experienced operators usually identify the offending valve by the fact that 
its cover is somewhat hotter than the others, or by a slight difference in the 
valve-operating sound, or by both these symptoms. 

4. The discharge temperature indicates the compressor’s mechanical 
condition because a compressor, operating under the same air pressure and 
coding-Urater temperature, should register constant discharge-air tempeis 
ature. If the latter increases while the other conditions remain Ccmstant, 
leiikage is definitely indieated-*-usually of the hot discharge hadt to an 
intemediate pressure. Ihis may be either valve or pistoh^ring leakage. 
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In multistage compressors, a power-plant log record of interstage pressures 
and temperatures should be a regular practice, because it definitely notifies 
the operator when to examine piston rings and valves. An increase in 
discharge temperature also puts him on guard concerning the mechanical 
condition of a single-stage compressor. 

6. Perhaps the discharge-air temperature increases gradually and the 
cylinder becomes somewhat hotter than formerly, even though piston rings 
and valves are in fiorst-class condition and jacket-water temperature is 
normal. 

After years of operation, if jacket-water quality is not particularly good, 
the jacket cooling effect may have deteriorated considerably. When you 
use lake or river water that contains sufficient silt or mud to precipitate in 
the jackets and restrict free circulation, or when the water is very hard, the 
inside surface of the jacket walls may be covered with a heavy lime or mag- 



Fig. 201.—Homemade moisture separator for distribution line. {Courtesy of 

Power.) 


nesium deposit which interferes with normal heat transfer. The answer, 
of course, is to clean the jackets thoroughly. In the case of lime deposits, 
soaking the jackets while hot with caustic or weak muriatic acid may make 
it possible to scrape out the deposit. 

6. You can locate the cause of a loud knock in the cylinder if you can 
isolate the noise to one end of the cylinder where it does not register back to 
the crankpin. It may be that the jam screws are not holding a valve case 
tightly and as a result allow the entire case to pound on its seat (Fig. 195). 
A valve cage allowed to hammer will break, with the possibility of disastrous 
results if a piece falls into the cylinder and is hit by the piston. 

If the valve cages are tight, the piston may be loose on the rod, or the pis¬ 
ton may be hitting the head, either beoeuse clearance between them has not 
been properly adjusted at the two ends or because the clearance space may 
be fiHed with a carbon deposit or condensate. Usually, such a pound can 
be heard at the crankpin, fooling the operator into thinking that the main 
bearing or crankpin is loose. 

7. If the cylinder wall appears dry with a slightly rusty appearance some 
15 after the cylinder head is removed, the cause is lack of lubrication or 
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possibly washing of the lubricant from the walls. If a normal amount of 
lubricant is fed, check the cylinder’s circulating-water temperature. If the 
cooling water is much colder than the entering air or gas, sufficient moisture 
may be precipitated on the cylinder wall to wash off the lubricant. Or, 
incomplete separation of condensate at the high-pressure-cylinder inlet may 
cause the trouble. The intercooler, of course, has reduced air temperature 
to the dew point so that the air is saturated at the high-pressure intake. 
Any liquid passing to the high-pressure cylinder wears the suction valves 
seriously and causes rapid cylinder-wall wear by washing off the lubricant. 
In other cases, sufficient mist to affect lubrication may be carried by the 
air into the high-pressure cylinder. 

8. Use aftertoolers with compressors to remove excess moisture from the 
air before it reaches distribution lines. As compression takes place, rising 



Fig. 202.—Piping arrangement for start-and-stop control. 


temperature greatly increases the air’s moisture-carrying capacity; discharge 
air at 100 psi and 300 F can carry many times the moisture in air at atmos¬ 
pheric conditions. As the compressed air cools to approrimately atmos¬ 
pheric temperature, this moisture deposits in pipe lines and, aside from being 
objectionable in the line, is destructive to pneumatic tools or other air- 
operated mechanical equipment. Besides, there is a great loss in man-hours 
and power if operators must blow down air lines each time they use air. 

Eeduction in the temperature of the air and, therefore, its moisture-carry¬ 
ing capacity, is limited by the cooling-water temperature. If the air cannot 
be cooled to a very low temperature in the aftercooler but subsequently cools 
to a lower temperature by atmospheric radiation in the system, more water 
will precipitate. However, most of the water is removed at the aftercooler, 
and latar condensation may be trapped out by placing receivers in the sysh 
tern where the air is used. 

Installing an aftercooler as an accessory to the compressor red|»cee the 
cop^eeeed-air temperature immediately, so that the moisture preripitates 
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Migh-pressufe Compressor Capoci+y:- Cu. Ft. of Free Air per Min.Acfually Delivered at Sea Level 
Fie. 204.—^Approximate horsepower required to compress air to high pressures. {Courtesy of Ingersoll’^Rand Co,) 
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in the aftercooler and receiver, for removal before compressed air enters the 
system. 

9. Plant conditions vary, but usually the best place to locate the after- 
cooler is directly at the compressor discharge, as near the compressor as 
conditions permit (Fig. 202). Placing it between the compressor and 
receiver allows condensate not removed by the aftercooler trap to precipi¬ 
tate out in the air receiver. The aftercooler should be located indoors to 
prevent freezing, but the air receiver can be placed outdoors. 

A by-pass around the aftercooler permits dismantling for cleaning or repair 
without shutting down the compressor. In all such cases you must, of 
course, install a relief valve on the compressor side of the by-pass to avoid 
damage from improper valve manipulation. 

10. It sometimes appears that compressor capacity has apparently fallen 
below that formerly obtained (Figs. 203, 204, and 205). When compressor 
valves, either suction or discharge, have been removed for cleaning or inspec¬ 
tion, take extreme care not to install them upside down. These valves, 
frequently made interchangeable between suction and discharge, should be 
stamped to indicate which side must be toward the piston when used in 
either location. If valves are incorrectly installed, the compressor may 
unload itself, or it may even be possible that air cannot get out of the 
cylinder. In the latter case, serious damage results. 

11. Cylinders may become too hot for the hand to be held against 
them because compressing air heats them rapidly. When compressed to 
100 psi, the temperature may exceed 300 F, depending upon the cylinder's 
size. This is not excessive. The hand cannot be held in water at 150 F; 
so this condition does not in itself mean that the cylinder is too hot or that 
anything is wrong internally. 

A study of the following list of trouble symptoms will assist 
in diagnosing defective operation. 

BROKEN OR LEAKY VALVE STRIPS 

The location and amount of leakage may be determined while 
the compressor is in operation as follows: 

1. High-pressure discharge valve 

a. Excessive leakage. 

Intercooler safety valve blows continuously. 

5. Moderate leakage. 

Intercooler fafety valve blows intermittently. 

Compressor unloads infrequently. 

c. Light leakage. 

Intercocder pressure runs above 30 psi, but not enough to blow safety 
valve. 

Compressor unloads almost normally. 

2. LBgh-pressure sucMon valve 

o* Excessive leakage. 

tnteiTGoalor safety valve blows continuously. 



Discharge Pressure Gage 
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h. Moderate leakage. 

Intercooler safety valve blows during loaded period only. 
c. Light leakage. 

Intercooler pressure runs above 30 psi, but not enough to blow safety 
valve. 

Compressor unloads almost normally. 


Sucbon Pressure psi Gage 



Fig. 205.—Brake horsepower required to oomprees 1,000,000 ou ft of air per day. 
{Courtesy of Cooper^Besaemer Corp,) 

3. Low-pressure discharge valve 

a. E)ccessive leakage. 

Little or no intercooler pressure during loaded and unloaded period. 
High-pressure cylinder and discharge pipe run abnormally hot. Low- 
pressqre^eylinder head runs abnormally cool. 

b. Moderate leakage. 

Intereooifjr pressure runs below 26 psi during loaded periodii and 
xaindiy drains to zero during unloaded periodtsu 


Discharge Pressure,psi 
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c. Light leakage. 

Intercooler pressure runs below 26 psi during loaded periods, and 
slowly drains to zero during unloaded periods. 

4. Low-pressure suction valve 

а. Excessive leakage. 

Same as in 3a. 

Air is being blown out through air filter during loaded periods. 

б. Moderate or light leakage. 

Intercooler pressure runs low during loaded periods, but does not 
drain during unloaded periods. Outward puffs through air filter 
during loaded periods. 

SERVICE CHECK CHART 

Should a derangement of some mechanical part of the com¬ 
pressor appear, it can generally be traced to the common causes 
listed below: 

1. Low oil pressure 

а. Low oil level. 

h. Plugged strainer. 

c. Leak in suction or pressure lines. 

d. Worn-out bearings (connecting rod or crosshead pin). 

e. Defective pump. 

/. Dirt in filter check valve. 

g. Broken spring in filter check valve. 

2. High oil pressure 

o. Plugged oil-pressure line. 

б. Defective filter mechanism. 

c. Excessive spring tension on filter check valve. 

3. Incorrect delivery of lubricator 

а. Dirty or gummed valves. 

б. Broken spring or dirt in check valve at cylinder. 

c. Leak in lines or sight feed. 

d. Low oil level. 

e. Plugged vent in lubricator reservoirs. 

4. Overheated low-pressure cylinder 
a. Ineufficient cooling water. 

h. Scored piston or liner. 

c. Broken discharge valves or valve springs. 

d. Excessive carbon deposits. 

Packing too tight. 

/. Insufficient lubrication. 

g. Deposits of foreign material in cooling jackets. 

5. Overheated high-prmure cylinder 
a. Insufficient cooliiig water. 

h. Scored idston or liner. 
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c. Broken high-pressure discharge valves or springs. 

d. Broken high-pressure check valves or high-pressure relief valve. 

e. Packing too tight. 

/. Excessive carbon deposits. 

g. Insufficient lubrication. 

h. Leak in low-pressure inlet-valve unloader. 

i. Deposits in cooling jackets. 

6. Water in cylinders 

a. Leak in head gaskets. 

5. Cracked cylinder head. 

c. Condensate caused by too cold cooling water. 

7. High intercooler pressure 

a. Broken high-pressure discharge valves or springs. 

b. Defective gages. 

c. Broken high-pressure head gasket. 

8. Low intercooler pressure 

а. Broken low-pressure inlet valves or springs. 

6. Leak in intercooler. 

c. Defective or dirty intercooler drain check valve. 

d. Inlet-valve unloader partially closed. 

б. Leak in rod packing. 

9. Low intercooler vacuum 

o. Leak in low-pressure unloader. 

6. Broken high-pressure (or low-pressure) inlet valves or springs. 

c. Leak in intercooler or connections. 

d. Defective intercooler check valve. 

e. Leak in rod packing. 

10. Knocks 

o. Excessive carbon deposits. 
h. Scored cylinder or liner. 

c. Faulty lubricator. 

d. Foreign material in cylinder. 

e. Incorrect head clearance. 

/. Loose piston. 

g. Bumed-out or worn rod bearings. 

A. Worn-out or scored crosshead liner or crosshead 

11. Scored cylinder liner and piston 
a. Foreign material. 

&. Lack of lubrication. 

e. Too cold cooling water causing condehsate and washing out 
lubrication, 
d. Excessive heat, 
s* Plugged water jackets. 

12. Broken valves and springs 

a. Insuffident lubrication. 

b. Bust. 
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c. Condensation, or water. 

d. Carbon deposits. 

e. Foreign material. 

/. Incorrect assembly. 

13. Control trouble 

a. Inlet-valve unloader stuck open or closed. 
h, Mercoid pressure switches faulty. 

c. Foreign material in three-way solenoid valves. 

d. Vibration of control panel. 

e. Voltage drop or loss of power. 

/. Plugged air-control line or control-line strainer. 
g. Incorrect voltage. 

14. Incorrect operation of inlet-valve unloader 

o. Leak caused by excess weight of inlet piping. 

b. Foreign material in guides or seats. 

c. Worn plunger seal. 

d. Broken spring. 

e. Manual shutoff partly closed. 



CHAPTER VIII 


BECIPROCATING-COMPRESSOR MAINTENANCE 

Maintain Full Output. —New reciprocating compressors have 
a known full-load capacity in cubic feet of free air per minute 
and require a known power input (Figs. 203, 204, and 205); the 
ordinary wear of internal parts adds up to one thing—a gradual 
reduction in capacity. Compressors can be kept in perfect 


Screw- type nozzle 



--Polish smooth 


Z'pipe thread Bnggs standard 
cut to standard gage 

Approximate minimum and maximum 
atr capacities given in tables based on 
nozzle pressures of 10*'and40”of water, 
30”barometer, ISO**nozzle temperature, 
70*^ intake temperature 

Material- Tobin bronze 


Flange-type nozzle 



Fig. 206.—Recommended dimensions for standard nozzles taken from the 
ASME power test code. (See page 216 for dimension tables.) 


condition by maJdng frequent inspections and following up 
with necessary repairs. 

Although finding the output of a compressor involves a com¬ 
plicated setup when based on acceptance-test standards, several 
practical tests will disclose any considerable capacity loss. 
Some of the methods give only comparative results, and, to 
get a true picture of performance, one day’s test must b© com¬ 
pared with previous results. 

Phrap-up Capacity Te^^A capmty check may be made 
by the so-called “pump-up metbod.” The air d<divei:ed by the 

S14 
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compressor is discharged into a closed tank of known capacity 
(see Chap. XIV, Theory of Compressing Air), the pressure rise in a 
given time is noted, and temperatures at the beginning and end 
of the tests are observed. From these data the weight of air 
pumped into the tank can be computed and expressed as volume 
delivered by the compressor per unit of time. It must be under¬ 
stood that the results obtained are only approximate, because of 
errors in computing the volume of the tank and attached piping, 
and of the diflSculty in obtaining the true temperature within 
the tank. 


Baffle plale 
^ ho/e g cenfersy 



Section A~A 


E- Locahon of bare Ihermomefers 
S" Tap for nozzle pressure 
T" Bore Ihermomelers used for 
measuring air lemperalure 
D* Nozzle diameter 



Section B’B 


/A/r in 


^Baffle 



L* 40 D minimum lenglh' 


Fig. 207.—Dimensions of nozzle tank and instrument location, AS ME power 

test code. 


Knowing that a positive-displacement compressor handles 
approximately a constant volume of air regardless of discharge 
pressure, it becomes a simple matter to time the compressor 
while filling the receiver to a given pressure. Cylindrical tAnlr 
and elliptical head volumes are given in Tables 27 and 28. 

Nozzle Check. —When air to the distribution system can be 
turned ofif, a correctly designed orifice (Fig. 206), properiy con¬ 
nected to the receiver, checks compressor output. For best 
reeulte install the orifice at the end of a straight pipe having a 
length forty times the orifice diameter and a pipe diameter four 
tinusB tiiat of the orifice (F%. 207). Use a gate shutoff valve 
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Table 27.— Capacities op Cylindrical Tanks 
Contents of Cylinder per Inch of Length 


Dia., 

in. 

1 

Vol¬ 
ume, 
cu ft 




Vol¬ 
ume, 
cu ft 

Dia,, 

in. 

Vol¬ 
ume, 
cu ft 

Dia., 

in. 

Vol¬ 
ume, 
cu ft 

El 

0.04545 

26 

0.3072 

42 

0.8017 

58 

1.529 

78 

2.765 

D 

0,05499 

27 

0.3313 

43 

0.8404 

59 

1.582 

81 

2.982 

Is 

0.06545 

28 

0.3563 

44 

0.8798 

60 

1.636 

84 


19 

0.07683 

29 

0.3822 

45 

0.9204 

61 

1.691 

87 


14 

0.08908 

30 

0.4091 

46 

0.9617 

62 

1.747 

90 

3.682 

15 

0.1022 

31 

0.4367 

47 

1.004 

63 

1.804 

93 

3.931 

16 

0.1163 

32 

0.4654 

48 

1.047 

64 

1.862 

96 

4.189 

17 

0.1313 

33 

0.4950 

49 

1.091 

65 

1.920 

99 

4.455 

18 

0.1472 

34 

0.5254 

50 

1.136 

66 

1.980 

102 

4.729 

19 

0.1641 

35 

0.5567 

51 

1.182 

67 

2.040 


5.011 

20 

0.1818 

36 

0.5891 

52 1 

1.229 

68 

2.102 


5.301 


0.2004 

37 

0.6222 

53 1 

1.277 

69 

2.164 

111 

5.600 


0 2200 

38 

0.6563 

54 

1.325 


2.227 

114 

5.906 


0.2404 

39 

0.6913 

55 

1.375 


2.291 

117 

6.221 

24 

0.2618 

40 

0.7272 

56 

1.425 


2.356 

120 

6.545 

25 

0.2841 

41 

0.7640 

57 

1.477 

Bi 

2.557 




ASME Dimensions for Standard Nozzles 
Screw-type Nozzle —(See Fig. 206) 


D 

A 

B 

c 

E 

1 

Q 

J 

K 

R 

8 

Min 

cap 

free 

air 

cfm 

Max 

cap 

free 

air 

ofm 

i 

Th 

IH 

u 

lA 

f 

2 

21 

1 9 

A 

1 

.988 

1.98 

A 

A 

IH 

u 

lA 

1 

2 

21 

1.9 

1 

1 

2.235 

4.45 

1 

H 

IH 

u 

lA 

i 

2 

21 

1.9 

A 

1 

3.95 

7.91 

i 

i 

H 

u 

lA 

f 

2 

21 

1.9 

1 

1 

8.89 

17.8 


H 

1A 

u 

1A 

f 

2 

21 

1 9 

A 

1 

15.8 

31.6 

1 

U 

U 

2 

If 

H 

2| 

21 

2| 

1 

1 

35.6 

71.2 

1 

If 

f 

2 

If 

H 

21 

21 

21 

1 

1 

63.2 

127 

11 

2f 

i 

3 

2i 

1 

2| 

31 

31 

1 

1 

119 

239 

2 

31 

f 

4 

3i 

U 

31 

41 

41 

mm 

J- 

253 

506 


Flange-type Nozzle —(See Fig. 206) 


D 

A 

B 

c 


R 

OD 

BC 

Num¬ 
ber of 
bolts 

Stand¬ 

ard 

flange 

siae 

Max 
cap 
free air 
cfm 

Min 

cap 

free air 
cfm 

21 

I 

1 

i 


1.5 

13.5 

11.75 

8 

8 

780 

390 

3 

1 

1 

i 


1.8 

13.5 

11.75 

8 

8 

1,140 

570 

4 

1 

1 

1 


2 4 

16.0 

14.25 

12 

10 

KIIiK9 

1,010 

5 

1 

1 

1 

5 

3.0 

19.0 

17.0 

12 

12 

3,160 

1,590 

6 

1 

1 

11 

6 

8.6 

21.0 

18.75 

12 

14 

4,510 

2i260 

$ 

i 

1 

11 

6 

4.8 

27.5 

1 25.0 

20 

20 

8,100 

4,050 

10 

1 

1 

If 


6.0 

32.0 

29.5 

20 

24 

12,600 

6,850 

12 

JL. 


If 


mSM 


1 86.0 

28 

80 


9,100 
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at the receiver. Discharge capacities of different-sized orifices 
at various pressures are given in Table 29. 


Table 28.—Length of Cylinder with Volume Equal to Elliptical Head 
OF Same Diameter 


Depth 

of 

head, 

in. 

Equiva¬ 

lent 

cylinder, 

in. 

Depth 

of 

head, 

in 

1 

Equiva¬ 

lent 

cylinder, 

in 

Depth 

of 

head, 

in 

E(}uiva- 

lent 

cylinder, 

in 

Depth 

of 

head, 

in 

Equiva¬ 

lent 

cylinder, 

m 

1 

0 66 

11 

7 33 

21 

14 

31 

20 66 

2 

1 33 

12 

8 

22 

14 66 

32 

21 33 

3 

2 

13 

8 66 

23 

15 33 

33 

22 

4 

2 66 

14 

9 33 

24 

16 

34 

22 66 

5 

3 33 

15 

1 10 

25 

16 66 

35 

23 33 

6 

4 

16 

10 66 

26 

17 33 

36 

24 

7 

4 66 

17 

11 33 

27 

18 

37 

24 66 

8 

5 33 

18 

12 

28 

18 66 

38 

25 33 

9 

6 

19 

12 66 

29 

19 33 

39 

26 

10 

6 66 

i 

20 

13 33 

30 

20 

;_ f 

40 

26 66 


If extreme accuracy is desired, conduct the orifice test accord¬ 
ing to ASME test code requirements. If the test is run during 
humid summer weather, or if the intake is warm and moist, 
corrections must be made to compensate for shrinkage in air 
volume, because moisture con¬ 
denses out in the aftercooler. 

When the intake^s relative 
humidity is below 30 per cent, 
correction for condensation 
may be omitted. 

Orifice tests on Westing- 
house compressors are made 
at 60 psi receiver pressure. 

The sharp-edged orifice (Fig. 

208) connects to the receiver 
fitted with a pressure gage. With the orifice open to atmosphere, 
throttle the steam supply to the compressor until it maintains 60 
psi receiver pressure. 

The 9i-in. single-stage compressor using a ii-in. orifice should 
not make more than 120 single strokes per min, and the 11-in. 



Fig. 208.—Orifice used for testing 
Westinghouse compressor 
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Table 29.—Discharge op Air through an Orifice 
In cfm of free air at standard atmospheric pressure of 14.7 psi abs and 70 F. 


Gage pressure 
before orifice, 
psi 


Diameter of orifice, in. 


1 

1 

tV 

i 

i 

2 



4 

7 

8 


Discharge, cfm of free air 


1 

0 028 0 

112 

0 

450 

1 

80 

7 

18 

16 

2 

28 

7 

45 

0 

04 

7 

88 1 

115 

2 

0 040 

0 

158 

0 

633 

2 

53 

10 

1 

22 

8 

40 

5 

63 

3 

91 

2 

124 

162 

3 

0 048 

0 

194 

0 

775 

3 

10 

12 

4 

27 

8 

49 

5 

77 

5 

111 


152 

198 

4 

0 056 

0 

223 

0 802 

3 

56 

14 

3 

32 

1 

57 

0 

89 

2 

128 


175 

228 

5 

0 062 

0 

248 

0 993 

3 

97 

15 

9 

35 

7 

63 

5 

99 

3 

143 


195 

254 

6 

0 068 

0 

272 

1 

09 

4 

34 

17 

4 

39 

1 

09 

5 

109 


156 


213 

278 

7 

0 073 

0 

293 

1 

17 

4 

68 

18 

7 

42 

2 

75 

0 

117 


168 


230 

300 

9 

0 083 

0 

331 

1 

32 

5 

30 

21 

2 

47 

7 

84 

7 

132 


191 


260 

339 

12 

0 095 

0 

379 

1 

52 

6 

07 

24 

3 

54 

6 

97 

0 

152 


218 


297 

388 

15 

0 105 

0 

420 

1 

68 

0 

72 

26 

9 

60 

5 

108 


168 


242 


329 

430 

20 

0 123 

b 491 

1 

90 

7 

86 

31 

4 

70 

7 

126 


196 


283 


385 

503 

25 

0 140 

0 

562 

2 

25 

8 

98 

35 

9 

80 

9 

144 


225 


323 


440 

575 

30 

0 158 

0 

633 

2 

53 j 

10 

1 

40 

5 

91 

1 

162 


253 


365 


496 

648 

35 

0 176 

0 

703 

2 

81 

11 

3 

45 

0 

101 


180 


281 


405 


551 

720 

40 

0 194 

0 774 

3 

10 

12 

4 

49 

6 

112 


198 


|310 


440 


607 

793 

45 

0 211 

0 845 

3 

38 

13 

5 

64 

1 

122 


216 


338 


487 


662 

865 

50 

!o 229 

0 

916 

3 

66 

14 

7 

58 

6 

132 


235 


366 


528 


718 

938 

60 

b 264 

1 

06 

4 

23 

16 

9 

67 

6 

152 


271 


423 


609 


828 

1,082 

70 

0 300 

1 

20 

4 

79 

19 

2 

76 

7 

173 


307 


479 


690 


939 

1,227 

80 

0 335 

1 

34 

5 36 

21 

4 

85 

7 

193 


343 


536 


771 


1,050 

1,371 

90 

0 370 

1 

48 

5 

92 

23 

7 

94 

8 

213 


379 


592 


853 


1,161 

1,516 

100 

0 406 

1 

62 

6 

49 

26 

0 

104 


234 


415 


649 


934 


1,272 

1,661 

110 

0 441 

1 

76 

7 

05 

28 

2 

113 


254 


452 


705 


1,016 


1,383 

1,806 

120 

0 476 

1 

91 

7 

62 

30 

5 

122 


274 


488 


762 


1,097 


1,494 

1,951 

125 

0 494 

1 

98 

7 90 

31 

6 

126 


284 


606 


790 


1,138 


1,549 

2,023 


Courtesy of “Compressed Air Data.'* 

Table is based on 100 per cent coefficient of flow For a well-rounded entrance, multiply 
values by 0.97. For sharp-edged orifices a multiplier of 0 65 may be used for approximate 
results. 

Values for pressures from 1 to 15 lb gage calculated by standard adiabatic formula. 
Values for pressures above 15 lb gage calculated by approximate formula proposed by S. 
A. Mobs. 

aCPi 

where W ** discharge, lb per sec. 
a “ area of orifice, sq in. 

C ■■ coefficient of flow. 

P\ •*> upstream total pressure, pei abs. 

Ti upstream temperature, F abs. 

Values used in calculating above table were C ■« 1.0, Pi *» gage pressure + 14.7 psl, 
Ti 530 P abs. 

We%hts (Wy were converted to volumes using density factor of 0.07494 lb per cu ft. This 
Is correct for dry air at 14.7 psi abs pressure and 70 F. 

I'ormulg egAnot be med where Pi is less than two times the barometric pretsure. 
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unit with a -^in. orifice should single-stroke not more than 
100 per min. 

The 8|^-in.-150 cross-compound compressor, with a 
orifice and the same receiver pressure, should not make more than 
100 single strokes per min; use a H-in. orifice with the S^-in.- 
120 unit at the same number of strokes. 

For altitudes over 1,000 ft, the compressors can make five addi¬ 
tional strokes per min for each increase of 1,000 ft. 

Test the steam end of these compressors according to instruc¬ 
tions given in Fig. 209. If the compressor strokes less than 
75 per cent of the values shown in the curves it needs repairs. 


c 200 - 

i - H -l-t- 

V ^80 “ ,1 Method of test and 

Q- —cj 7 3'T ^ use of curves — 

V) 10 Q _ ^ Open steam throttle, regulate the _ 

^ ll' '^ [ I rrtam reservoir am pressure to the value 
o _ ~i~gfven m proper curve, note compressor 

^ 140 — I speed and boiler pressure Speed should be - 

uo — compared to that given by the curve for the same, 

^ steam pressure as that observed Example suppose 

120 ~~a ?'/2 compreswr is urder test, observations show ~ 

C -that the speed is 169 strokes per mm ogomst 39psi - 
lOQ -ot 122 ps I boiler pressure The 9'/z curve gives 174 _ 

_strokes per min which the compressor should 
make tf steam end is m good condition , , , 

an —L— 1. —1—.J—L-J—L—J—J—U-j—I—I— \ —I—I—I 

100 120 140 160 180 200 

Steam Pressure^ psi. 

Fig, 209.—Speed curves for testing the steam end of Westinghouse compressor. 


Vacuum Method.—Where each compressor has its individual 
intake gate valve, a practical method is to check for vacuum 
pulled against the closed intake. Connect a vacuum gage to 
the intake line and close the intake valve. Note the vacuum 
that the cylinder will pull when in operation. All compressors 
having cylinders of the same size and make, if they are in good 
shape, will pull nearly the same vacuum, while any cylinders 
that are under capacity will be indicated by the smaller amount of 
vacuum pulled. Table 4 shows the vacuum pulled by one make 
of compressor. 

When an under-capacity cylinder is located, feel the intake- 
valve covers. A warm or hot intake cover indicates a leaking 
valve. While the machine operates on closed intake with the 
vacuum' gage attached, adjust all the valve jam screws, noting 
any change in vacuum. The valves may not be clamped into 
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the cylinder tightly enough, or they may be clamped so tight as 
to distort the valve seat and cause leakage. 

If the vacuum pulled is still below normal, shut down the unit 
and take out the questionable valve, or all of them. Note 
whether or not the intake gate valve leaks. If the gate valve is 
tight and the trouble is not in any of the compressor valves, 
then it is no doubt caused by bad piston rings. 

Leaking Valves.—Leaking discharge valves can be detected 
by their extremely high temperature during operation, or by 



Fig 210.—True up the valve plates so that they fit the seats perfectly. 

opening the cylinder indicator connection valves when the 
compressor is at rest and subjected to normal operating pressure 
while the unit is still hot. Test the inlet valves by connecting 
an air hose to the indicator connection valves and admitting 
normal operating air pressure to the cylinder, one end at a time. 
Before applying the air turn the machine until the piston reaches 
one end so that it cannot move when air flows in behind it. 

Leaking clearance-pocket valves may be detected by opening 
the cleamnce-jpocket drain valves during fulHoad operation. 
Air the draw yjjlve indicates a leaking pocket valve. 
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These valves can be reseated by applying grinding compound 
to the seat and disk and then lapping until the score marks 
disappear. 

Cleaning.—Remove all valves for cleaning and inspection 
every 500 hr or once a month; at this time remove all deposits 
and check seat leakage. Seats may be tested by clamping the 
valve assembly in a portable test chamber capable of withstand¬ 
ing full operating air pressure from a hose connection. This 
method permits checking each individual valve strip or ring 
after cleaning and assures return to its respective location and 
position in the valve assembly. 

The most satisfactory way to clean compressor valves and air 
passages is to remove the valves and pistons and wipe the cylinder 



Fia. 211.—Handy valve remover screws into valve seat. 


and air passages with clean rags. Never use gasoline, kerosene, 
or other volatile solvents inside the compressor or air piping, because 
these vapors are highly explosive even at moderate temperatures. 
Scrape heavy accumulations from air passages. 

Dirt on the valves can be removed by brushing, scraping, or 
light grinding (Fig. 210). Be careful not to scratch the valve 
seat or plate. Before closing the cylinder apply a light film of 
oil to the piston and the cylinder wall. 

Oil tends to collect in clearance pockets; blow these out 
regularly when the compressor runs unloaded. Open receivers 
at least once a year, remove all accumulated oil, inspect them 
thoroughly, and test the safety valves. Always swab the entire 
discharge pipe out during the general inspection. 

Circulating a soap solution through the compressor, although 
of uncertain value, is suggested as one way to remove excess 
oil, carbon, and dirt deposits. This solution can be made from 
soap powder containing a high percentage of alkali. Introduce 
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the solution through the lubricator or directly into the suction 
of the compressor while it is running. Ordinarily 0.5 lb of soap 
powder to 10 gal of water is sufficient, but the soap content may 
be increased without being harmful. Particular care should be 
exercised not to feed too rapidly, as the compressor piston clear¬ 
ance is small and too much water will crack a piston or cylinder 
head. Restore normal oil feed to the compressor for several 
minutes before shutting it down, as a slight amount erf rust 
pitting caused from water lying in the cylinder will greatly 
overshadow any benefits from this cleaning. 

Valve Wear.—Wear between the valve plate and seat appears 
as indentations in the seat and shoulders on the plate. These 
formations start as soon as the compressor first operates, which 


yVoIve seaf 



Fig. 212.—Screw driver opens Pennsylvania valve assembly that is held to^jether 

by a snap ring. 


makes necessary the return of each individual plate to its original 
location after dismantling for inspection. 

Inasmuch as compressor valves operate hundreds of times each 
minute, it will readily be seen that these are subject to consider¬ 
able wear. When a plate wears to the point where it is less than 
half its original thickness, it should be changed. The valve 
seats may also wear slightly after several years. The seat can 
be refaced and in some cases the recess in which the plate fits 
must also be cut down an equal amount. Failure to do this 
increases the valve lift and results in rapid valve wear, with 
short life. 

Valve lift must be kept normal; always measure it before doing 
any seat machining. Some valve guards bear directly on the 
seat surface and take up automatically for seat machining; others 
require removal of metal from the guard-bearing shouWer or 
spacing washers. 


RECIPROCA TING^COMPRESSOR MAINTENANCE 223 


Whenever a valve has overheated, replace all the valve strips 
and springs when convenient, because excessive temperature 
resulting from this heat may reduce the life of these parts and 
result in breakage. 

Replacing Assemblies.—The gaskets under the valve seats 
and also under the valve cover are of a special type, usually 
consisting of a copper-covered asbestos core. This makes an 
ideal gasket and generally can be used over many times. Should 
they become damaged and others not be available, substitutes 
can be made out of soft copper wire with the ends soldered, or 
out of i-in. cord packing. 

Valve guard'j ^\Vatve discs 

valve guard 

Parf B 
valve seat 


Parf A 

valve guard \ 

Port B ri A , . , 

valve seal m « 

a hack-saw blade or a sfeel 

scale 

Fig. 213.—Slide a metal strip through guard openings to hold the plate and 
springs until scat is snapped into place. 





When replacing valve assemblies in the cylinder, see that pro¬ 
truding cap-screw heads are not adjacent to the piston and 
that the valve cage bears uniformly around its gasket; tighten 
the valve assembly cap (with jam screws backed out ^ in.) and 
then bring the jam screws tight against the valve assembly. 
Forcing the jam screw may spring the valve assembly or crack 
the cylinder inner web. 

When taking valves apart it is important that the same parts 
be reassembled as a unit and not mixed up with other valve 
parts of the same size; otherwise they will not seat properly. 

The joints between seat and stop plates are machined smooth 
and must not be damaged in handling. Make sure they are 
clean and smooth, as leaks at some of the joints will cause over¬ 
heating and cut down the compressor efficiency. If a leak per- 
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sists at this joint, apply a thin coating of red or white lead. 
This will stop the leak but will make later dismantling quite 
difficult. 

Valve seats, which have become worn or damaged to a point 
where they are no longer tight, should be refaced to a new surface. 
If the valve plates cannot be resurfaced, install new ones. 

Some valve plates can be resurfaced on a flat grinder but, when 
grinding, do not reduce the thickness below that permitted by 
the manufacturer. A plate ground too thin may break and fall 
into the cylinder, causing considerably more damage than the 



Fig 214 —Retainer plate holds Ingersoll-Rand valve assembly in cylinder until 
jam screw is tightened. 

cost of these small parts. Shoulders on the valve seat can be 
machined off in a lathe. Lapping the seat and plate will produce 
an airtight fit. 

Dismantling.—A valve extractor (Fig. 211) simplifies removing 
valve assemblies from the cylinder. One end of this extractor 
threads into the small hole tapped in the center of the valve 
seat. No extractor is needed for some inlet valves, which are 
easily removed from the cylinder when the valve cover is taken 
off. 

To take the Pennsylvania assembly (Fig. 212) apart, lay it 
on a bench with the valve seat up, then place the end of a screw 
driver or similar tool between the top of the valve disk and the 
edge of the guard and pry open. 

When assembling the valve, lay the guard flat on a bench 
with the open side up; place the valve springs into the grooves 
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provided for them, and lay the valve disks on the springs in as 
central a position as possible. Then place a flat strip of steel, 
about in. thick, under the valve guard ring and over the disks 
as shown in Fig. 213 (a hack-saw blade minus its teeth or a steel 
scale will serve the purpose). The pressure of the steel strip 
on the valve disks depresses them in their individual pockets 
and a slight pressure on the valve seat will cause the retaining 
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Fiq. 216.—Remove guides with a screw driver before machining channel-valve 

seats. 


Guard ~ 



Plate has fotat- 
I end play 


Valve seat 



^j^^^Round edges of valve plate 


Fig. 216.—Chock plate and guard clearance on Worthington valves. 


ring to snap into place and lock the guard and seat together. 
The steel strip may then be withdrawn. 

When taking the Ingersoll-Rand channel valve (Fig. 25) apart, 
proceed as follows: 

1. Take out the fillister-head screws and lift off the crab. 

2. Take out the two flathead screws, which hold the seat and stop plate 
together. 

3. Lay the valve on a clean flat surface with the valve seat down. 

4. Turn the stop plate one-quarter turn to loosen from the seat and lift it 
of. 
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6. Remove each spring and its channel separately, clean them, and replace 
exactly as removed, without turning end for end. 

6. Replace the stop plate and flathead screw and tighten. Replace the 
crab and fillister-head screws. See that lock washers are under the fillister- 

head screws and that the screws are well 
tightened. 

7. Press each channel separately back 
against the stop plate to make sure each 
works freely. 

To replace the valve assembly in the 
cylinder, proceed as follows; 

1. Put each valve assembly in the same 
cylinder hole from which it was removed, 
being sure that the gasket is in good condition 
and properly placed so that the valve will rest 
squarely on the cylinder scat. When putting 
channel valves in the cylmder, it is good 
practice to turn the valve assembly so that 
the valve ports are parallel with the piston 
rod. 

2 Place the valve cover on the cylinder, 
being sure that the gasket is squarely in place, 
and draw the cover nuts down evenly and in 
rotation. Do not tilt the cover in tightening. 

3. Tighten down on the valve-cover jam 
screw to hold the valve on the scat. Use only 
a standard-length wrench. Lock the cover 
setscrew by means of the lock nut. 

4. To aid in placing a channel valve in the 
lower side of the cylinder, a spring retainer 
(Fig. 214) is bolted to the assembly by means 
of the fillister-head screw on the crab. This 
retainer holds the valve assembly in place 
until the cover and jam screw are put into 
position. 

6. After all valves have been replaced, turn the compressor over one com¬ 
plete revolution by hand to see that everything is clear. 

When channel seats must be refaced, proceed as follows: 

1. Remove the guides and dowels <Fig. 215) by lightly tapping a sharp- 
edged fiat chisel imder the guide to loosen. The dowels are a snug fit in 
the seat, but are purposely left free enough for easy removal of the guides. 
Murk the guides for replacing. 

2. Using a micrometer (or make a gage, as shown in the figure), measure 
the distance from the face of the seat to shoulder A on which the stop plate 




mCIPROCATING-^COMPRESSOR MAINTENANCE 227 


rests. This dimension is important later, as it must be reestablished and 
held to a close tolerance. 

3. Place the seat in a lathe, being careful to grip it just tight enough to 
hold it without distortion. Remove enough stock from the seat face to pro¬ 
vide a smooth surface at the port edges for the channel rest. Take a light 
final cut and use emery cloth (stretched over a flat true plate) to remove all 
tool marks. 

4. Face off the shoulder A on which the stop plate rests to the micrometer 
reading (or gage) so that this distance will be the same as originally made. 

5. Place the guides on the seat and turn in the same position as before 
removal. Drive in the dowels to hold the guides snug. If one of the dowels 
has been damaged, it may be replaced by a piece of drill rod or cold-rolled 
steel of the same length. 



Fig. 218.—Determining hft of upper valve. 


6. If the guides are worn, new ones should be put on after the seat is 
refaced. For best performance, the total side clearance between the side of 
the channel and the slot in the guide should not be less than 0.006 in. or 
greater than 0,010 in. The total end clearance of the channel in the guide 
should be between 0.010 in. and 0.015 in. 

When assembling valves, use a string to hold the valve strips and springs 
in their respective positions against the guard. Check to make sure that the 
strips and springs are free to move and are not pinched between the seat and 
the guard. 

Worthington valve strips (Fig. 216) are of the correct length 
and width to fit freely without bagging in the recesses of the 
guard. No part of any strip should project above the ground 
face of the guard. Each strip should have a lengthwise lost 
motion of about in. By holding a straightedge firmly against 
the ground face of the guard and directly over the strip in its 
slot, the amount of lost motion can be determined by moving the 
strip back and forth with the fingers. When in contact with 
the seat or when flexed against the curved backing of the guard, 
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the strip should move freely and should not bind either length¬ 
wise or sideways. 

Westinghouse Compressor,—If it is necessary to replace a 
broken air valve in this machine, be sure that the new valve has 
the required lift. When the combined valve and seat wear 
increases the lift more than ^ in. above standard, the seat is 
liable to be injured and the valve broken. 

To measure the lift of the upper air valve, apply the lift gage 

to the top flange of the air cylinder, as 
illustrated in Fig. 217, and adjust the 
sliding arm until its ends rest against 
the top of the stop on the valve. 
Lock it in this position by means of 
the thumb nut. Then apply the gage 
to the valve cap, as illustrated in 
Fig. 218; if the valve has the proper 
lift, the under side of the valve-cap 
collar will just rest upon the shoulder 
of the sliding arm. If the gage arm 
fails to touch the stop on the valve 
when the sliding-bar shoulder rests 
, upon the face of the collar, the valve 
lift is greater than standard by the distance between the gage 
arm and stop. 

To determine the lower-valve Hft, apply the gage to the bottom 
flange of the air cylinder (Fig. 217) and adjust the sliding arm 
until its end rests against the stop in the port. Then lock it in 
position by means of the thumb nut. Then apply the gage to 
the air-valve cage and air valve (Fig. 219); if the valve has the 
proper lift the sliding-arm shoulder will just rest upon the upper 
side of the valve-cage collar. If the gage arm fails to touch the 
stop on the valve when the sliding-bar shoulder rests on the 
cage collar, the valve lift is greater than standard by the distance 
between the stop and gage arm. 

Never remove or replace the top steam-cylinder head with the 
reversing-Valve rod in place, as this will almost invariably bend 
the rod. 

To remove or replace the reversing valve and rod, place the 
steam and air pistons at half-stroke, either by using steam or by 
removing the bottom cylinder-head plug and forcing them up 


Fig. 219.—Applying gage to 
lower air valve and cage. 
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with a rod or bar. The reversing valve and rod can then be 
raised so that the button on the rod end can be disengaged 



Fig. 220.—Adjust end clearance carefully when fitting new rings. {Courtesy of 
^Amerxcan Air Compressor Corp.) 


fTrom 


from the piston plate through an offset hole, and so entirely 
removed. 

Testing Piston-ring Leakage. 

To check piston-ring leakage 
in a double-acting compressor, 
turn the unit by hand until the 
piston reaches the front end. 

Then remove the front cylinder 
head and apply normal air pres¬ 
sure behind the piston through 
a hose connected to the rear 
indicator-valve connection. Ex¬ 
cessive leakage around the peri¬ 
phery of the piston shows the 
need of new rings. Distinguish between this leakage and that 
through ring joints, because air will leak here even when it does 
not occur between the ring and the cylinder wall. 



Fig. 221.- 


-Tram marks check piston- 
rod position. 
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^23*—Rail mew rings around groove to det^rnmne fit. 
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The amount of cylinder out-of-roundnoss or piston wear will 
determine whether it is worth while to install new rings without 
reboring the cylinder and installing a new piston. Most cylinders 
permit reboring i in. on the diameter; consult the manufacturer 
for anything above this. When the cylinder carries a renewable 
liner, wear can be corrected by installing a new one. 

Ordering New Piston Rings.—Before ordering new piston 
rings, take an accurate measurement of the cylinder to determine 
its exact diameter. Furnish this information with the order and 
specify the ring tension wanted. Standard-size rings may be 
used in oversize cylinders if the oversize does not exceed 0.003 in. 
per in. of cylinder diameter. 

In other words, a 10-in. ring, which is light tight in a standard 
gage, will be light tight in a gage which measures 10.030 in., and 
a 20-in. ring, which is light tight in a standard gage, will be light 
tight in a gage of 20.060 in. diameter. 

The following requirements will cover the installation of 
standard rings in oversize cylinders: 

1. Ring diameters up to 12 in., inclusive: Standard rings are to be used in 
cylinders up to and including -^-in. oversize. 

2. Ring diameters 13 to 20 in., inclusive: Standard rings are to be used in 
cylinders up to and including -^-in. oversize. 

3. Ring diameters 21 in, and over: Standard rings are to be used in cylin¬ 
ders up to and including oversize. 

When fitting new rings, push them into the cylinder before 
removing the piston, until they back squarely against the piston 
face. When in this position measure the ring-joint clearance 
(Fig. 220); file the ends until the clearance equals 0.003 in. per in. 
of cylinder diameter. Rings expand under operating temper¬ 
ature, and insufficient clearance causes breakage. After fitting 
new rings to the cylinder bore, prepare to remove the piston from 
the cylinder. 

Removing the Cylinder Head.—To remove a cylinder head, 
first turn off the cooling water and drain all water from the jacket. 
Remove a valve cover from the end of the cylinder and take out 
the valve. Through the valve opening and between the piston 
and head place two sticks of wood* one on eacli side of the piston 
rod or nut. These sticks should be i in. thick and long enough 
to reach beyond the center of the piston. Back the nuts off i in. 
on the head studs, allbwing the head to come loose and yet pre- 
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venting throwing it off completely. Have a helper turn the 
compressor wheel by hand and bump the piston very gently 
against the wood to start the head. 

Do not use power to bump the head; turn the wheel slowly by 
hand. Be sure the wood reaches beyond the center of the piston, 
as otherwise there is a possibility of bending the piston rod. The 
less the head is moved by this bumping process, the more chance 
there is to cut the gasket free without tearing where it may stick 
to the iron. A knife blade carefully run in between while the 
head stands away not over i in. may save the gasket. If the 



Fig. 224.—Constrict ring in groove while inserting piston. {Courtesy of American 
Air Compressor Corp.) 


cylinder head remains tight after all visible bolts are loosened, 
remove the valves and look for additional bolts inside the head. 

Checking the Piston Rod and Crosshead.—Check tram marks 
between the piston rod and crosshead before loosening the cross¬ 
head nut (Fig. 221). (Some piston-rod ends are slotted to fit a 
lockpin in addition to the lock nut.) The piston rod can then be 
unscrewed from the crosshead. Use a spanner wrench on the 
piston and milled flats on the piston rod or rod lock nut for turn¬ 
ing; do not attach a pipe wrench to the round surfaces of the 
piston rod. After screwing the piston rod from the crosshead, 
turn off the lock nut and remove all packing from the gland. 
Metallic and carbon-ring packing, usually removed by eliding 
over the end of the rod, must be protected by a sleeve w W pass* 
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ing over the threaded portion. Now push the piston to the 
front of the cylinder to a convenient position for installing the 
rings. Substantial blocking, level with the lower cylinder sur¬ 
face, placed on the floor at the cylinder opening, catches the 
piston if it emerges too far. 

Removing the Piston from the Rod.—Where pistons must be 
removed from the rods, it is much simpler to remove the piston 
while it is inside the cylinder than to take the piston and rod to 
an outside workbench. This removal can be done in a manner 
similar to that used when removing the cylinder head by bump- 

Typical piston-rod packing rings 


^These Jo infs o//ov\/ for wear-f 


/ 

N/ 

Rings musf have clearance of fhesepoints 
Fio. 226.—Typical piston-rod packing-ring joints. 

ing. To remove pistons from the rods, remove two valves from 
the frame end of the cylinder and insert two pieces of wood on 
either side of the piston rod. These pieces should be of the same 
thickness. Turn the compressor over by hand and jar the piston 
loose. (The piston lock nut should have been previously 
loosened.) 

In removing trunk pistons from vertical compressors, it is first 
necessary to remove the cylinder head; in the case of three- or 
four-*stage compressors, the third- and fourth-stage cylinders 
must also be removed. Next turn the compressor by hand to top 
center. Then remove the lower half of the crankpin bearing, w 
on some designs the entire crankpin bearing box. The piston and 
connecting rod can then be pulled up through the cylinder. In 
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Fig. 226 .—Piston-rod oil-wiper rings in frame partition. 


Removing Cylinder Liners.—To remove the cylinder liners, 
first disconnect the lubricator connection and remove the 
cylinder head by taking out all of the holding bolts. Next, 
remove the piston and rod by unscrewing the piston rod from the 



Fig. 227.—Laminated shims facilitate connecting-rod bearing adjustment. 

crosshead. The liner can then be pulled out with a homen^iade 
puller (Fig. 222). If it has become rusted in place, the cylinder 
must be removed from the frame head. The liner can then be 
pressed out from the frame end. If a cylinder bore has been 
damaged^ hone the damaged area smooth or rebore it; pthenyise 
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piston or piston-ring scorings will result and serious damage to the 
compressor may follow. 

Replacing Piston Rings.—Replace piston rings when they 
become badly worn or when blow-by exceeds normal. When 
putting on new rings, keep the piston in the cylinder for easiest 
manipulation with only the ring-groove section protruding. New 
snap rings can be slid to their respective grooves by bridging 
the piston at several points with thin metal strips long enough 



Fio. 228.—Shoulder wear on connecting-rod bearing. {Courtesy of Power.) 

to span the foremost grooves. Clearance between the ring and 
its groove should just allow the ring to fall into place of its own 
weight (Fig. 223). Scrape carbon accumulation from the 
grooves before dropping the rings into place. Constrict the 
rings with several turns of tightly drawn cord (Fig. 224) or by a 
clamping band until they enter the cylinder easily; center the 
rings with the cylinder bore, and the piston can be pushed in 
place by hand with a light bar for leverage. If this force will not 
do the work look for some obstruction; do not use a jack. After 
pushing the piston into place, reassembly can begin. 

Hsto^-rod PaddUg.—Before replacing piston-rod packing 
check its condition; discard old fibrous material; metallic and 
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carbon-ring sections should be completely separated to measure 
end clearance. Exercise extreme care when handling this 
material; any scoring of ground splits, faces, ball joints, or seats 
will make the packing useless. Babbitt packing rings are espe¬ 
cially vulnerable to damage at the thin 
areas coming in contact with the rod or 
casing. 

Metallic packing requires little atten¬ 
tion other than cleaning as often as oper¬ 
ating conditions require. When the rings 
have worn until the ends butt, their life 
may be prolonged by filing a small amount 
from each end of each segment (Fig. 225); 
it is extremely important that the same 
amount be removed from both ends. 
This is especially true of the bridge seg¬ 
ments, where removal of unequal amounts, 
or removal of all clearance from one seg¬ 
ment, will cause the keepers to rock to one 
side, permitting a leak. When removing 
material from the ends of segments follow 
the manufacturer's instructions implicity, 
Fig. 229.—Measure because too much clearance is as bad as 

enough. Tangentid ring joints need 
bearings. {Courtesy of no filing because the joint shape auto- 
matically adjusts for wear. If abnormal 
conditions make it necessary to reseat the packing to the rod, do 
this by scraping. Do not use a file or round off the bore edges. 

Metallic packing must be kept sufficiently tight to prevent the 
escape of air from the cylinders. When the compressor is run¬ 
ning unloaded, a vacuum is formed in the cylinder and there is a 
tendency to draw into the cylinder the oil which collects on the 
piston rod. Also, if the packing is sufficiently loose, some of the 
oil from the crankcase will be drawn up into the cylinder through 
the drain tubes. If the packing is kept sufficiently tight to 
prevent the escape of air from the cylinder, it will be tight 
enough to prevent the entrance of oil into the cylinder when 
compressor is running unloaded. 

Cylinder stuffing boxes are readily accesrible through large 
openings in the frame-head yoke. They should be'inspeeted 
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frequently to make sure that there is no leakage. When adjust¬ 
ing these glands set up the adjusting nuts only enough to prevent 



Fia. 230.—Wedge and screw main-bearing adjustment on Ingersoll-Rand 

compressoi 


leakage. Further tightening results only in undue friction, 
wear on the packing, and possible scoring of the rod.. Set up 


the nuts an equal amount so 
that the glands will be square 
with the rod, for otherwise they 
will bear on the rod and score it. 
Always adjust the stuflSng-box 
glands while the compressor is in 
operation. 

Extended Shutdowns. —If the 

compressor is to be shut down 
for more than 2 or 3 days, fibrous 
packing should be removed from 
the stuffing boxes to prevent 
damage to the piston rod by 


Chqrance for insfa/lafionj 



Fig. 231 —Main-bearmg shaft- 
seal ring {Courtesy of Garlock Pack’ 
xng Co ) 


corrosion. If the stuffing boxes are fitted with metallic packing, 


it is advisable to remove the packing rings and the partition 


plate oU-wiper rings. Never allow machines to lie idle with 
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condensed moisture in their cylinders and do not expose cylinders 
to the weather. The piston rod should, in such cases, be given 
a protective coating of oil to prevent pitting or corrosion. Re¬ 
move all grease before replacing the packing. 

The stuffing t)ox in the partition between the crankcase and 
frame-head yoke usually contains a set of metallic or carbon 
wiper rings (Fig. 226). These rings are split and held to the 
piston rod by means of garter springs. The rings have a special 
edge for wiping the oil off the piston rod and have grooves for 
draining. The oil then flows back into the crankcase. The 
oil-wiper rings are designed to wipe the rod practically dry, 
leaving just enough oil film to lubricate the cylinder packing. 



Clean the wiper rings periodically. Nicks or dents in the rings 
or a scored rod prevents a tight seal. Broken springs should 
be replaced immediately. 

Installing Wiper Rings.—When the assembling wiper rings, 
stagger the joints. Newly installed assemblies should be fitted 
to the piston rod to ensure a good seal. They are usually num¬ 
bered, and there is only one correct way to install them. The 
total end clearance of the wiper ring should not be more than 
0.003 in. More clearance will cause the rings to act as a pump 
instead of wiping oil from the rod. 

With forced-feed lubrication the partition plate stuffing box 
is fitted with tangential cut, cast-iron oil-scraper rings. These 
rings are specially designed to take care of the larger amount 
of oil carried by the piston rods on machines under pressure 
lubrication. 

•After putting the packing on the rod, screw on the nut and 
enter the rod in the crosshead. Continue to screw the pkton 
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rod into the crosshead until tram marks show that the original 
position has been reached, then tighten the lock nut. 

Cylinder-head Gaskets. —Any graphited asbestos-body sheet 
packing can be used for gaskets between air cylinders and heads. 
Rubber packing is not satisfactory, as the heat and oil in time 
will soften it. If an old head gasket shows damage, install a 
«new one. Measure the thickness of the old gasket; if there is 
any doubt as to the original thickness, use material in. thick, 
cutting all necessary ports in the gasket to fit openings in the 
cylinder and head. After bolting the head securely in place, 
remove a valve case from each end of the cylinder to check 
piston clearance. 



Adjusting Piston Clearance. —Insert a lead wire through each 
valve opening and turn the compressor by hand through one 
complete revolution. Remove the wires and measure their 
flattened thickness; adjust for any inequality by screwing the 
piston rod in or out of the crosshead. When cold, head-end 
clearance can be 50 per cent greater than that of the crosshead 
end because the piston, rod expands when reaching operating 
temperature. 

The method of adjusting piston clearance varies with different 
compressor designs. In a vertical machine it is accomplished 
sometimes by adding or removing shims between the lower end 
of the connecting rod and the crankpin-bearing boxes, at other 
times by adding or removing shims between the piston and 
socket-type wrist-pin boxes. In some compressors the piston 
end clearance is not adjustable; in this case taking up on the 
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crankpin bearing on account of wear will continue to unequalize 
the clearance to such a point that it becomes necessary to replace 
or rebabbitt the crankpin bearing. In double-acting pistons 
fitted with a piston rod and crosshead, the clearance is adjusted 
by turning the piston rod in or out of the crosshead. 

Installing Connecting Rods.—With flood lubrication, the 
upper side of the connecting rod is provided with small grooves 
directly over the center of the bearing to receive oil for lubricating 
the pins. Be sure that the rod is replaced in the machine 
with the oil groove on top, as connecting rods are usually out¬ 
wardly symmetrical with this exception; if it is not placed in this 
position the pins will not receive proper lubrication. Laminated 
shims are used between the halves of these crankpin boxes to 
prevent loss of oil pressure. 

Turn off shank tq open f/ufes 



Turn down shank, f bread to* 
fjf s’handard pipe 


Fig. 234.—Drill head facilitates removal of hard deposit from cooler tubes. 

{Courtesy of Power.) 

Adjusting Connecting-rod Bearings.—To make adjustments, 
loosen the bearing, remove the shim, and peel off one thickness 
at a time from both top and bottom shims, until proper clearance 
for the bearing is obtained (Fig. 227). After proper shim thick¬ 
ness is inserted, pull the box up tight. It is important that the 
same number of laminations be removed from both top and 
bottom shims to prevent distortion of the box. 

Adjust connecting-rod bearings with considerable care, not 
only because of the effect on bearing life but also because these 
adjustments can affect piston clearance. Rods having both 
adjusting wedges located so that they tend to increase the dis¬ 
tance between the crosshead and crankpin cause a lengthening 
of the connecting rod and reduce front-end piston clearance. 
Before adjusting, examine the bearing box where it contacts the 
wedge for worn shoulders (Fig. 228F)* 
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Since considerable pressure can be exerted through a wedge 
and screw, adjustments must be made carefully or the bearings 
will be too tight. When adjusting connecting rods draw the 
wedges up snug, then loosen the bolt just enough to permit 
sliding the rod back and forth on the pins by hand. When it is 
impossible to detect rod movement, loosen the wedge-adjusting 



Fro. 235.—Using the scraper shown in Fig. 234. 


screw one-half turn and then check the running temperature 
before making further adjustments. 

Connecting-rod wedge bolts should never be made to take 
the load stress in operation, which occurs if the wedges are 
allowed to become loose. Unless they are kept tight to prevent 
this, broken wedge bolts will result from hammering of the loose 
boxes. Tapping the wedge on its side will tell whether it is loose* 
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When it becomes necessary to remove connecting-rod bearings, 
these must always be replaced in their original position. Put 
check marks on each half of the bearing and rod so that the 
halves will not be turned end for end or upside down. 





head fo cai-ch sludge 
and cleaning plugs 



Air hose connection foi^^ 
flushing wdh oir and water 


Fig. 236 —Convenient arrangements for cleaning intercoolers (Courtesy of 

Power ) 


Parallelism must be maintained between the face and back of 
each connecting-rod bearing shoe or the connecting rod will 
operate under a bending stress. Uneven scraping may destroy 



Fig 237.—Cracked cylinder water jackets can be repaired by brazing. 


this original parallel contact; check each end of the rod as 
described under Fig. 171. Check single-acting rods, as ^own in 
Fig. 229. 
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Holes drilled Ih rough 
ai ends of cracky _ 


Siofs con- 
necfing 
holes - 


Adjusting Main Bearings.—Main-bearing adjustment is impor¬ 
tant and calls for good judgment. First, take up on the adjusting 
screws (Fig. 230) uniformly and tightly, then back off the set¬ 
screws a half flat. Second, hold the adjusting screw and tighten 
the lock nut. This will give a somewhat loose bearing, and there 
should be a slight pound when the machine is first started up. 
If the bearing fails to become quiet after the machine is warmed 
up, take up very slightly on the adjusting screws, being careful 
to take up the same amount on 

each. After any such adjust- plugs 

ment watch the bearing carefully 
to make sure it does not heat up. 

When necessary to inspect or doles drilled through 

renew the boxes, loosen the set- 

screws and take off the caps. ^ 

Jack up the shaft just enough to Slots con- 
remove pressure from the bear- necting Q 
ing. The side boxes (*an then be TI 

moved sideways, turned, and 

lifted out. The bottom box ''Choln-iock-^^yHoie depth 

should be moved in the same peered \w about ha/f 

manner until the ribs line up with ^ 

dot. in the bedplate.; then turn 

the box around the shaft, and lift 3 

it out. Usually there is a plate in 238.—Jacket cracks can 

front of the quarter box against be sewed with plugs. {Courtedy of 

which the setscrews bear. This 

plate is to fill up the gap between the bedplate and bearing box 
so that if a setscrew should get loose no excessive movement of 
the shaft can occur and damage the motor winding. 

Liners are placed between the main-bearing cap and bearing 
jaws on the bedplate. The bearing cap should be adjusted by 
means of these liners so that there is about 0.004-in. clearance 
between the cap and the top of each side box. 

Value of ShWs.—The value of installing shims between the 
bearing sections on both main-shaft and connecting-rod bearings 
is illustrated in Fig. 228, using a connecting rod for an example. 
Assume that a 0.004-in. running clearance is required. This 
will allow the bearing parts to move, causing wear adjacent to 
both sides of the wedge, as is shown in somewhat exaggerated 


Chain -lock " - K 
strips peered \ 
into holes ( 
and s/ots -^. 


'^iHoie depth 
/ about half 
casting 
thickness 


Fig. 238.—Jacket cracks can 
be sewed with plugs. {Courtedy of 
Power.) 
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form in the lower view. Unless these worn surfaces on the rod 
and taper half of the bearing are trued up before adjustments 
are attempted, satisfactory results will not be obtained, because 
when the wedge is moved up it has only a small bearing surface 
at points E and F. These points soon wear away and leave the 
bearing in as slack a condition as it was before. 

When this trouble is encountered it can be eliminated by 
installing shims between the bearing sections. They can be 
held in place and away from the journal by dowel pins, or they 



Fig. 239.—Cutting rings from a pot casting. {Courtesy of Power,) 


can be cut away at their center edges to prevent their touching 
the journal. With this arrangement all parts of the bearing 
can be drawn up tight and there will be no looseness at the wedge. 

A good mle for bearing adjustment allows 0.003-in. running 
clearance for shafts up to 3 in., with a 0.00098-in. increase in 
clearance for each inch increase in shaft diameter. Crosshead- 
pin clearance on large machines varies between 0.003 and 0.004 
in., and crankpin clearance from 0.004 to 0.006 in. Main 
bearings, depending on shaft size, have running clearances from 
0.008 to 0.010 in. To check the tightness of main bearings more 
easily, remove the connecting rode and then turn the unit by 
hand, 
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Tapered Roller Bearings.—Units using tapered roller main 
bearings usually have these bearings carefully and propeily 
set up at the factory. If unusual operating conditions necessi¬ 
tate adjustment, proceed as follows: Loosen the clamp bolt 
and insert a suitable bar in the cast notches to rotate the 
adjusting collar (Fig. 145). It is easy to tighten up the bearing. 
A fine thread on the nut permits close adjustment. The bearing 



Fig. 240.—One-cut rings leak at B. {Courtesy of Power,) 

is properly adjusted when there is no perceptible end play and the 
compressor turns over quietly and freely by hand. 

Should it ever become necessary to remove a tapered roller 
bearing, it is so fitted that this can be done by drawing it off 
the shaft without injuring either the bearing or the crankshaft. 
In replacing one of these bearings, heat it in hot oil (not over 
275 F) and then slip the bearing over the shaft. When the 
bearing is cool it will fit the shaft properly. 

Miun-*bearing End Covers. —Split end covers at main bearings 
are fitted with sealing rings to prevent oil leakage along the main 
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shaft (Fig. 231). Rings should be installed with the bevel joint 
at the top of the shaft. To ensure proper application and to 
prevent damage to the sealing lip of the rings, install them in 
the following steps (Fig. 232). 

1. Do not hoat oil-seal rings before application. Preferably they should 
be installed at room temperature (70 to 80 F). 

2. Clean the recess thoroughly and remove all burrs and sharp-cutting 
edges. 

3. Apply grease or oil to the shaft. 

4. Place the ring around the shaft at a point near the recess into which it 
is to be placed. 

5. Compress the ring slightly by squeezing Ihe sealing lip to the body of 
the element (A). 

6. Start the compressed end of the scaling (‘huncnt into the recess at the 
top or upper side of the housing, inserting the lip first; gradually work the 
heel or back of the element into place, keeping the seal compressed while 
doing so (B). 

7. Continue this process around the entire periphery of t)ie shaft until 
the sealing element is inserted in the recess. 

8. Seat the element by tapping, tising care to prevent damage to the lip. 

9. Apply the cover plate, bolting it tightly into position to compj-ess the 
oil-sealing ring into the recess (C). 

10. It is important that the oil-sealing ring should not be too tight on the 
shaft, as this would cause excessive heating. If rings are found to be too 
tight, relieve tlnun slightly with a smooth file. 

Older machines have oil-box covers with cast grooves for felt 
packing around the shaft. This felt packing will in time become 
oil-soaked and should be replaced when necesssary for satis¬ 
factory operation. 

Removing Crosshead Pins.—To remove tapered crosshead 
pins, unscrew the cap screw and remove the cap. Place this 
cap over the large end of the crosshead pin and insert the cap 
screw. Tighten the screw snugly against the cap. Tap the 
outside end of the crosshead pin enough to jar it loose and 
remove it by drawing up on the cap screw. Other tapered pins 
can be removed with a jack bar. Make the steel bar more than 
long enough to extend across the end of the crosshead pin, and 
drill two holes in it to match corresponding holes in the crosshead 
pin. Insert cap screws through the bar to the two tapped holes 
in the end of the pin. Separate the bar from the crosshead by 
blocks at each end so that when the two cap screws are turned 
down the pin will come loose. 
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Some of the larger compressors use a tap bolt and washer to hold 
the crosshead pin in place. To remove the pin, remove the 
washer, screw the tap l^olt in the pin again, and then move the 
crosshead so that by unscj;awing the tap bolt the latter will jam 
against a rib so provided in the side of the bedplate. Put a light 
strain on the tap bolt l\y unscrewing it. Then hit the crosshead 
with a lead hammer, causing the crosshead pin to spring loose. 



Fig. 241.—Ordinary step-joint leakage path G. Groove shoulders wear the ring 
face round /. {Courtesy of Power.) 

Before crossheads have been worn in, care should be taken to 
allow enough clearance to keep shoes from heating. Start with 
about 0.012-in. clearance between the crosshead and guide, and, 
when the bearing surfaces have been worn in, take up the clear¬ 
ance to approximately 0.008 in. 

Adjusting for Piston Wear.—When wear occurs at the piston 
and cylinder wall, the piston naturally takes a lower relative 
position. To compensate for this wear and to reestablish the 
original alignment, the crosshead should be lowered an amount 
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equal to the wear. In making this adjustment, first loosen the 
cap bolt and back off the wedge, or remove shims at the bottom 
crosshead shoe until the piston rod is level with crosshead guide. 
Be sure the cap bolts are tightened up securely after adjustments 



Fig. 242. —Cutting the step joint. Making the ring into a true circle produces 
perfect fit to the cylinder wall. {Courtesy of Power,) 


have been made. When the adjustment has been completed, 
check the piston rod to make certain it runs true by placing an 
indicator on it and barring over the compressor a few turns. 
This can also be checked by laying a machi^t's level (Fig, 233) 
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on the piston rod and comparing this reading with that taken 
with the level on the bottom guide. 

When making bearing and crosshead adjustments it is far 
better to make two or three individual adjustments to get proper 
bearing clearance than to pull a bearing up too tight and burn it 
out. 

Cooling Systems.—Another maintenance job on reciprocating 
compressors consists of cleamng silt and scale from cylinder 
water jackets. 

If the circulating water is dirty, mud deposited in cylinder 
jackets will ultimately obstruct the flow of water entirely unless 



Fig. 243.—Distance piece for oilless compressor. {Courtesy of American Air 

Compressor Corp ) 


care is used to prevent such an accumulation. Clogged passages 
will interfere with proper cooling, which will result in possible 
damage to the cylinders and pistons. Cylinder heads should 
be removed occasionally and the water jackets and passages 
inspected. If any mud deposit is found it should be thoroughly 
cleaned out and the jackets completely flushed with water 
applied through a nozzle made of or ^-in. pipe, pointed at the 
end. With this nozzle water can be sprayed directly on the 
bottom and in all comers of the water jackets. Loose silt also 
can be removed by admitting alternate slugs of air and water 
through the regular water lines to stir up sediment and flush it 
out. Scale proves more difficult and must be removed with acid. 

Removing Scale.—To remove scale from the water jacket, a 
solution of hydrochloric acid and water is most effective. Th©^^ 




250 


AIR COMPRESSORS 


solution should be made up of 80 per cent water and 20 per cent 
acid, mixed in a steel or wooden barrel or tank of a size compa¬ 
rable to the water-jacket volume. Do not use a galvanized 
vessel, for acid attacks these metals readily; this reduces the 
effectiveness of the solution. 

Disconnect the cooling-water line and pump the solution from 
the barrel into the cooling-water inlet, through the water jacket, 
then from the water outlet to the barrel. If a suitable pump is 
not available, a short length of pipe may be attached to the 
water inlet with a funnel elevated so that the acid solution will 
circulate through the water jacket and flow by gravity back to 
the mixing barrel. Circulate the acid solution for 10 to 15 min, 
then let the jacket stand full for 30 min. After this recirculate 
for another 10 to 15 min. Repeat this process until the jacket is 
clean or the solution spent. For extremely heavy scale deposits 
it will be necessary to add more acid to the solution after it 
becomes weak. After the jacket is clean, flush it with fresh 
water to remove the solution, and inspect the cylinder-head 
gaskets for possible damage. When handling this solution take 
all the usual precautions; wear goggles to protect your eyes from 
it, and do not spill it on your body or clothing. 

A cross connection between the water inlet and outlet will per¬ 
mit reversing the cooling-water flow for a few minutes of the day, 
thus working out much of the sediment that would otherwise 
settle and cause trouble. 

Cleaning After- and Intercoolers. —The amount of heat removed 
from air as it passes through a cooler depends to a greater extent 
than is usually appreciated on the cleanliness of the cooling sur¬ 
faces. Silt or sludge in water passages or oil scum on air surfaces 
greatly retards heat transfer. Slushing with a hot-water and 
washing-soda solution, in the form of a solid stream or coarse 
spray, will remove oil film adhering to the tubes. Flushing the 
water side with alternate shots of water and compressed air (air 
pressure not over 40 psi) stirs up the silt and flushes it out of 
the discharge. A convenient air-hose attachment, connected in 
the water line, permits a quick change-over from water to air. 
Slime and sludge removal requires hosing with a strong stream 
of water or shooting elastic cleaning plugs through the tubes with 
compressed air and then flushing them with water. Thi^ requires 
loosening one cooler head and removing the one at the working 
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end. The tool (Fig. 234) can be used to remove hard deposits 
from tubes (Fig. 235). 

When shooting tubes, keep the far head in place, supported by 
bolts of such length as to permit a 1-in. opening between the 
cooler and the head. The head stops the cleaning plugs and the 
free opening allows air exhaust without blowing back through 
other tubes onto the operator. A pan jdaced under the rear- 
head opening catches heavy sludge and a canvas thrown loosely 
around the end prevents spatterng the surrounding walls. If 



Fig. 244.—Supporting foot piece. 


the frequency of cleaning warrants fabrication, a false head and 
pan (Fig. 236) constructed from sheet metal serve as a plug stop 
and catch basin for sludge. 

As this cleaning requires removing the heads, attention must 
be giveh to the head gaskets. When partitions cast integral 
with the heads divide water flow into passes, gasket extensions 
pass between these partitions and the tube sheet. Use extreme 
care when replacing the heads and locate the gasket properly, or 
the gap between the partition and tube sheet will short-circuit 
the water flow and lower the cooler^s efficiency. 

Cooling-system Leaks* —Inspect the coolers and cylinder 
jackets frequently for leaks. When the cooling-water pressure 
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is high, water will find its way into the high-pressure cylinder 
and, even in small amounts, will wash off the oil and cause wear of 
the cylinder, piston rings, and valves With low water pressure 
there will be a loss in capacity because air can escape through the 
cooling passages Leaking tubes must be replaced immediately. 
New ones can be expanded in place with a roller or swaged tightly 
by driving a round pin, tapered i in. per ft, into the tube end. 



Fig 245 —Alummuin piston, carbon rings, and expanders {Courtesy of 
American A%r Compressor Corp) 


Cracked cylinder jackets can be brazed (Fig. 237). “Sewing^' 
offers a method of repair when the crack is on the outside surface 
(Fig. 238). Start by drilling a hole at each end of the crack to 
prevent further development. Then drill and tap a series of 
blind holes along the crack line. Into these thread cast-iron or 
steel plugs and cut them smooth with the surface. Between 
these plugs insert a second row, overlapping the first plugs. 
Hammer the entire line of plugs smooth (4). 

Another method depends on the use of special patented low- 
coefficient-of-expansion steel strips, shaped as shown at B, At 
right angles to the crack, cut blind holes and slots into which the 
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strips fit. After the first strip is inserted and peened, follow the 
same process with succeeding strips until the holes and slots are 
filled. When the cracked casting becomes heated in operation, 
as would a cylinder head or jacket casting, the ^‘chain-locked^' 
strips expand less than the surrounding metal and tend to pull 
the crack together. 

Small cracks can be mended temporaril}^ by filling the jacket 
with a solution of sal aruinoniac and water or ground flaxseed 
and water. After the leak is plugged, remove the solution and 
flush with clean water. Consider this method as an emergency 
repair only. 



Fig. 246.—Carbon and bronze bushing in packing follower. 


Intake Filters. —Clean intake filters often enough to remove 
dirt before the intake is restricted. The cleaning method 
depends on the filter. Dust dry-felt units by blowing air through 
them in a reverse direction or by washing; wash viscous filters— 
never use a volatile solvent—and recoat with the viscous fluid; 
drain and filter the oil from oil-filled cleaners to remove sediment, 
then scrape and wipe off the accumulations adhering to the inter¬ 
nal surfaces. Certain dry filters and strainers cannot be cleaned; 
they must be replaced with new ones. 

Distribution Lines. —Indicator cards taken on discharge piping 
with indicator motion actuated from the compressor crosshead 
will show whether or not excessive pulsations in the discharge 
line are causing power losses. On one installation indicator cards 
showed a pulsation in the discharge line which built up terminal 
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pressures to 130 psi when the average pressure in the line was 
100 psi. These pulsations represented about 30 hp excess load 
on a machine requiring normal power of 350 hp; they were 
ehminated by placing a surge chamber in the discharge pipe near 
the compressor. 

Test the pipe lines with liquid soap to make sure that the joints 
are tight. Large power losses result from leaky air lines. The 
amount of time the compressor operates on a closed line indicates 
leakage. These lines are often installed without much planning 
and are extended as demand for air arises in other locations. 
When extended several times with more or less temporary piping 
or with air hose, the entire section should be rebuilt with pipe of 
adequate size. 

MAKING COMPRESSOR PISTON RINGS 

Good ready-made rings usually outlast and outperform the 
homemade variety, but the operating engineer should know 
enough about this subject to enable him to design and make his 
own rings when necessary. 

Select Materials Carefully.—The first step involves selecting 
the proper material. Most ring manufacturers have discon¬ 
tinued machining rings from cylindrical pots and instead cast 
each ring individually, leaving just enough excess material for 
machining. Development of the individual casting introduced 
a higher standard of quality and uniformity than could be 
obtained with the old pot or cylindrical casting. 

However, it is more practical to machine homemade rings from 
pots than to attempt the more diflBicult individual casting pro¬ 
cedure. The pot should be composed of hard, homogeneous, 
close-grained iron containing a minimum amount of free carbon. 
Have the material heat-treated at the foundry. 

After obtaining a proper casting, the operator must design the 
ring. Whether it is to be a one-cut ring, that is, a ring that is not 
returned and rebored into a true circle after it is split, or a two-cut 
ring, the dimensions and tension should be the same. 

Securing Proper Tension.—In a homemade ring, tension is 
secured by turning the ring larger than the cylinder diameter and 
then collapsing it into the cylinder after a section is cut out. 
Pressure exerted between the ring and cylinder depends on the 
kind of material used, the finished radial thickness, and the asdal 
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width. Since the operating engineer rarely has all this informa¬ 
tion at hand, he must use a general formula which disregards the 
nature of the material. Almost every handbook gives a different 
formula for figuring tension; the following method is both simple 
and reliable. 

Add 0.012 in. for every inch of cylinder diameter to get the 
total ring diameter. Therefore, in making a ring for a 10.5-iu,, 
cylinder, multiply 10.6 by 0.012, which gives 0.126 in. Adding 
this to 10.5 gives a total of 10.626 in., which will produce a 
j)ressure between the ring and the cylinder wall of from 2 to 5 psi 



Fiq. 247.—Carbon and bronze bushing in steel or cast-iron sleeve for front head. 


depending on the material and the other dimensions. Some 
handbooks recommend adding tV of the cylinder diameter, which 
is about 0.15 in. for a 10.5-in. ring. 

The end clearance, shown in Fig. 239A, represents the amount 
of opening the ring has when it is in the cylinder. This clearance 
is for circumferential expansion. A standard allowance is 0.008 
in. per in. of cylinder diameter. Thus, a ring made for a 10.5-in. 
cylinder will have 10.6 X 0.003 == 0.0316 in. end clearance. 

The end clearance is only part of the amount that must be cut 
out of the ring. The diameter was increased to 10.626 in. to 
provide tension, which is the same as saying that the circumfer¬ 
ence was increased by 0.126 X ?r « 0.396 in. This much, plus 
the 0.0315 in. end clearance, or a total of 0.428 in., must be 
removed from the circumference to ensure a well-fitted ring. 
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Concentric snap rings which are to be sprung over the piston 
may be made about one thirtieth of the diameter m thickness, 
or about 0 035 X diameter. For a 10 5-m cylinder, this gives 
10 5 X 0 035 = 0 368 in , or about f in A ring of this size is 
not likely to become distorted or to break when springing it over 
the piston. 

Since rings are usually fitted to old ring grooves, the ring-face 
width cannot be controlled by the operating engineer If new 



Fig 248 —Front heads fitted with tail-rod bushings and guards. {Courtesy of 
American Air Compressor Corp ) 

pistons are machined, then the groove width can be made equal 
to the thickness of the ring wall. While standard rings are 
usually a little wider across the face than through the wall, the 
above proportion will make a serviceable ring if high-grade cast 
iron is used. For rings from 4 to 16 in. in diameter, some manu¬ 
facturers use a face dimension tV to | in. wider than the ring 
thickness. 

Machining Operation.—In machining, grind the tool to a 
blunt point with little clearance or rake and take a heavy cut at 
slow turning speed. The tool will last longer if the point digs 
in under the scale, which is usually hard and sandy, Mattering 
due to overhang may be minunized by running the tailstock 
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against a piece of wood and a copper sheet washer as shown in 
Fig. 239 jB, The copper prevents the center from digging into 
the wood. The pot may also be supported this way while 
cutting off the ring. A narrow, square-nosed cutting-off tool 
with sides tapering back from the edge (Fig. 239C) does the best 
job. Locking the carriage to the lathe bed prevents rings from 
being cut off too narrow, which often happens because the car¬ 
riage moves toward the ring. Before cutting off, face the side 
of each ring. 

After the rings are split and the proper amount cut out, it 
will be seen that the rings are egg-shaped when placed in the 
cylinder (Fig. 240D). The rings will bear against the cylinder 
along surfaces A while compression will blow past surfaces B, 
This will continue until surfaces A wear suflSciently to allow 
surfaces B to seat against the 
cylinder wall. This is one of 
the most undesirable features 
of one-cut rings. Other dis¬ 
advantages include wearing 
cylinders out of round and 
excessive end clearance when 
they are finally worn in. 

Perhaps the best reason for 
making thin, flexible rings lies 
in the fact that they adjust 
themselves quickly to worn 
cylinder outlines. Keeping 
sliding friction between the 
rings and cylinder walls re¬ 
duced to the lowest possible point for efficient operation 
is also of major importance. For worn cylinders, the outside 
of the ring should never be machined to a smooth finish. By 
leaving tool marks on the outside face, a more rapid sealing 
action is secured. 

Whether piston rings are made with an angle or step joint is of 
little importance. The ordinary step-cut ring does not make a 
perfect seal, just because the ends overlap as shown in Fig. 
241(?. It can be seen that air enters the gap on the compression 
^^^de of the ring, goes under the ring, and out the other side. So 
Uug as there is space between the inside of the ring and the 
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groove, compression will leak through the same as through an 
angle joint. 

Figure 240JE' shows a piston with right- and left-hand angle- 
joint rings. Some engineers state that rings having opposite 
angle joints turn in opposite directions and the joints, therefore, 
will not line up for any appreciable length of time. A right-hand 
joint is one that slopes upward from right to left when the ring 
is in a vertical position, while a left-hand joint slopes upward from 
left to right (Fig. 240F). Some authorities recommend that 
rings made for lubricated cylinders have the outside edges 
rounded as in Fig. 241//. ThLs causes the ring to slide over the 
oil film rather than to scrape it off. 

Preparing Piston Grooves.—The adage that a ring is only as 
good as its groove should be kept in mind; unless the sides of the 
grooves are faced each time new rings are installed, there is little 
sense in replacing rings. Figure 241/ shows a new ring riding 
on the old groove shoulder which puts the ring under severe 
strain, causing wear, as shown by the dotted line, and perhaps 
breakage. The importance of a good joint between the sides of 
the ring and the groove cannot be overemphasized. 

The best way to assure a proper fit is to machine the ring 
several thousandths wider than the groove, then place the piston 
in the lathe and face off the groove sides until the ring rolls freely 
around the groove, as shown in Fig. 242J. This assures a better 
job than that obtained by the usual method of facing the groove 
first and then filing the ring to fit. To determine the proper 
amount of side clearance, some engineers hold the piston as in K. 
If the rings slide to the bottom of the groove, there is enough 
clearance, assuming they have not been sprung out of line in 
stretching over the piston. 

Two-cut Rings Preferred.—Experience shows that it is well 
worth the extra time required to make two-cut rings instead of 
the more common one-cut egg-shaped variety. The calculations 
are the same for both types except that from to ^ in., depend¬ 
ing on the ring size, is left on both inside and outside dimensions 
for later machining. Rings made in this way should be step-cut, 
or they cannot be clamped properly against the lathe faceplate. 

To lay out the step, Chalk the ring and scribe three lines across 
the.axial width, as shown in Fig. 242L. The distance X in M 
is «qual to the total amount to be removed and is the for 
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either angle or step-cut rings. Split the ring with a hack saw, 
through the center line, and saw halfway through from opposite 
sides as shown in N. Put the ring in a vise with a distance piece 
holding the ends apart just wide enough to saw out the square 
along vertical center line 0. File the steps so that the distance 
indicated by arrows in P is slightly greater than the ring width. 

Making the Second Cut. —Hold the ring in the closed position 
by twisting a wire around the circumference, Q Then clamp the 
ring to a faceplate by means ot bolts, washers, and distance 



Fig. 260 .—Fjt the carbon rmgg> carefully 


pieces R. A heavy piece of paper between the ring and face¬ 
plate protects the latter from the lathe tool bit. Now it can be 
seen that a few thousandths left in the step joint will ensure a 
ring staying closed while machining. After the rings are trued 
and clamped securely against the plate, the wires can be removed 
and the outside diameter turned to the exact cylinder dimensions. 

Next twist wires around the rings as before and place another 
set of clamps around the outside of the rings, opposite the inside 
clamps. When secure, loosen the inside bolts, and, if they can¬ 
not be removed, hold them together as shown in S so that they will 
be out of the way of the boring tool. After the rings have been 
bored to the proper wall thickness and removed from the face- 
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plate, the step joint can be filed or ground to conform with ring 
width T. 

Rings made in this way will be as nearly perfect as possible, 
and the operator will be repaid by the efficient and satisfactory 
operation of his compressor. It is assumed, of course, that the 
shoulders are removed from the cylinders before installing new 
rings. Figure 22 shows a boring bar set up for boring the 
cylinder. 


RINGS FOR OILLESS OPERATION 

Manufacturers build reciprocating compressors that operate 
without oil lubrication, but if you need one, cannot buy a new 
one, and have a double-acting machine available, these pointers 
show how to convert it to oilless operation. 

Material Needed.—To do the job right you will need (1) a 
distance piece the same length as the compressor stroke to hold 
the cylinder clear of oil carry-over from the crosshead by the 
piston rod; (2) a new one-piece piston rod with tail extension to 
carry the piston clear of the cylinder walls; (3) carbon-insert 
bronze bushings for both front and rear cylinder heads and 
packing followers; (4) an additional packing gland in the front 
head; (5) a tail-rod guard mounted on the front head; (6) a set 
of carbon piston rings with metal expanders; (7) solid aluminum 
casting for the piston; (8) a substantial foot piece to support the 
cylinder weight; and (9) lubricated fiexible-metal or carbon pack¬ 
ing for the piston rod. 

Distance Piece Required.—Purchase a distance piece from 
the manufacturer or fabricate one from boiler-plate steel (Fig. 
243). It must be strong enough to resist piston-thrust load and 
carry the overhung cylinder weight. Assume that you have a 
12-in. cylinder that compresses to 100 psi. Then 6^ X 3.14 = 113 
sq. in. area of piston, and 100 X 113 = 11,300 lb total thrust 
load. The overhanging weight can be determined with beam 
formulas. Proceed with caution at this point, because extending 
the cylinder away from frame studs A stresses them considerably 
more than originally. The stress in studs B remains approxi¬ 
mately the same. (Use a liberal safety factor and always provide 
a foot piece as shown in Fig. 244, to support the cylinder.) 
Machine the distance-piece end disks parallel to each other and 
with accurate fit into the cylinder head and frame joints; other- 
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wise, the cylinder will not line up with the frame center line. 
The distance piece for this 12- by 12-in. compressor was fab¬ 
ricated from f-in. boiler plate welded to l^-in. end disks. 

As the distance piece moves the cylinder farther away from 
the frame, a longer piston rod is required. Make it long enough 
to reach through the front head. 

Piston Rod-—Machine the piston and tail rod in one piece 
with a tapered section to match the piston (Fig. 245). The 
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Fig. 261. —Tie rings in the grooves and push the piston in. {Courtesy of American 
Air Compressor Corp.) 

tail section may be smaller in diameter because it carries no 
thrust load. This permits sliding the piston lock nut up to the 
threaded section ahead of the piston and screwing it home. The 
extension or tail rod slides through a carbon lubricated bushing 
in the front cylinder head. This floats the piston and prevents 
it from touching the cylinder walls. 

Bnmie Bushings.— Carbon-insert bronse bushings in each 
cylinder head (Figs. 248 and 250) and crankcase partition carry 
the sliding rod. Packing-gland followers are also fitted with 
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carbon and bronze bushings (Fig. 246). As the rear head already 
contains a bushing, enlarge the opening just enough to press 
the new one in place, then key it with setscrews. 

The front head presents a different problem because the water- 
jacket pocket must be penetrated. If boring will weaken the 
head, purchase a new one cast with a center core; otherwise, 
bore a hole perpendicular to the head-gasket face large enough 
to pass the tail rod. Then, leaving a substantial shoulder on 
the inner wall (Fig. 247), enlarge the hole to fit a full-length 



Fig. 262.—Cut piston rod off at C after clearance is adjusted. 


sleeve containing the bronze bushing. Thread both ends of the 
hole and sleeve, making each complete thread-cut without 
releasing the lathe-carriage split nut from the lead screw. Bronze 
bushing inside the sleeve also serves as a packing stop. The 
heads (Fig. 248, left) show packing gland and bronze bushing, 
(right) flexible metallic packing in place. 

Aluminunpi Piston.—Since the regular cast-iron piston is quite 
heavy, the load on the piston-rod bushings can be reduced by 
using an aluminum piston (Fig. 249). Make one from a solid 
block, to eliminate trouble from unequal expansion that may 
occur in a hollow casting having walls of uneven thickness. 

After machining the piston to correct size, cut grooves for 
carbon rings. Make them deep enough to allow for expander 
rings pf 3 ^in. spring ^^teel, bent as shown in Fig. 245. 
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Fitting Piston Rings. —Purchase a set of carbon rings and fit 
them to the cylinder bore. After fitting them correctly (the 
total joint clearance should be about 0.001 in. per in. diameter), 
scribe reference marks on both sides of each joint to assure 
correct mating when fitting the rings in the piston grooves 
(Fig. 250). 

Put the expander rings and carbon segments in place and tie 
with cord (Fig. 251). Push the piston in the cylinder slowly so 
that the ring edges do not chip. The cord will push off as the 
piston slides in. Screw the piston rod in the crosshead but do 
not tighten the crosshead lock nut until the piston clearance has 
been adjusted. 

Button up the job by putting on the head and gasket. Insert 
rod packing, put the gland follower and tail-rod guard in place, 
and draw up the gland. After adjusting the piston clearance, 
measure and cut off the excess part of tail rod C in Fig. 252. 
A pipe cap then closes the end of the tail-rod guard. 



CHAPTER IX 
ROTARY COMPRESSORS 

Field of Application. —Rotary-compressor applications overlap 
those of both reciprocating and centrifugal machines. These 
machines are built for pressures up to and including 100 psi and 
capacities above 12,000 cfm. 

Classification. —The AS ME test code classifies rotary com¬ 
pressors as sliding vanCj in which longitudinal vanes slide radially 



Fiq. 263.—Air-cooled shdmg-vane compressor. {Covrtesy of Foster Pump Works 

Im,) 


in a rotor mounted eccentrically in a cylinder; tv)o impeller, in 
which two mating lobed impellers revolve within a cylinder; and 
liquid piston, in which a liquid serves to displace the air within a 
rotating element. 

SLIDING-VAHE COMPRESSORS 

Oeneral Characteristics.—These machines aye made for 
pr^sures as high as 125 psi and capacities up to 2,000 cfm. 
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Generally, single-stage machines (Table 30) are used for pressures 
up to 50 psi, and two-stage machines (Table 31) for higher pres¬ 
sures. Operating speeds vary from 3,600 rpm for small to 
450 rpm for large units. 


Table 30.—Single-stage Sliding-vane Compkessor Capacities 



Cfm actual free air delivery 

Hp rating of nearest commerciaL 
size squirrel-cage motor 

60 

cycle 

Lb gage discharge pressure 

Lb gage discharge pressure 

rpm 

20 

30 

40 

50 

20 

30 

40 

50 

1,160 

32 

31 



5 

5 



1,160 

44 

42 



5 

71 



1,160 

62 

50 



5 

71 



1,160 

76 

74 

72 

70 

71 


15 

15 

1,160 

83 

82 

80 

78 

71 


15 

15 

1,160 

112 

109 

107 

105 


15 

20 

20 

1,160 

129 

127 

124 

122 

15 

15 

20 

25 

1,160 

154 

162 

149 

146 

15 


25 

25 

1,160 

197 

194 

190 

186 


25 

30 

30 

1,160 

232 

228 

224 

220 


25 

30 

40 

870 

284 

280 

275 

270 

25 


40 

50 

870 

339 

334 

329 

324 

30 


50 

50 

870 

377 

370 

365 

360 


40 

50 

60 

870 


396 

390 

385 



60 

60 

870 

482 

473 

467 

460 

40 


75 

76 

690 

534 

526 

619 

512 



76 

100 

690 


598 

692 

586 

50 

75 


100 

690 

685 

675 

665 



75 


100 

690 

773 

763 

754 

745 

75 



126 

576 

890 

878 

866 

855 

75 


125 

150 

675 


1,037 

mmmm 



125 


150 

675 


1,392 

1,374 

1,355 

125 

150 


200 

675 

1,610 

1,692 

^1,572 

1,564 

125 



250 


Operating Principle.—Construction consists of a cylindrical or 
cam-shaped casing in which a cylindrical rotor, smaller in diam¬ 
eter thm the casing bore, is arranged eccentrically (Fig. 254). A 
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number of radial slots cut along the entire length of the rotor 
hold the sliding vanes. In some units these vanes are made of 
metal; in others they are nonmetallic. As the rotor revolves, 
the vanes are held out by centrifugal force, by pins, or by springs, 
forming a number of cells in the space between the rotor surface 
and casing wall. Because of the eccentric rotor position, the 
cells vary in capacity during each revolution from a maximum to 
a minimum, and again to a maximum. 

Air enters the cell between vanes A and B (Fig. 255); as vane A 
passes the inlet, trapped air is carried around to the discharge 



Fig. 255.—Cam-shaped cylinder bore. {Courtesy of Foster Pump Works Inc,) 

port. The air is then forced out of the discharge as the cell area 
decreases. The volumetric eflSiciencies of two different sliding- 
vane compressors, when used as vacuum pumps, are shown by 
curves in Figs. 256 and 257. 

Compare Cam-shaped and Circular Bore. —In the cam-shaped 
bore (Fig. 258) the center of the rotor is offset from the true 
center of the cylinder bore; nevertheless, lines drawn from one 
side of the cylinder, passing through the offset-rotor center to 
the other side of the cylinder, are all equal. This means that 
the vanes are always in contact with the cylinder walls at their 
outer edges, while their inner edges are always in contact with 
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each other. Thus a true piston action is maintained without 
depending on springs or centrifugal force to extrude the vanes. 
In this design AB equals CD. 


Table 31.—Two-stage Sliding-vane Compeessor Capacities 



Cfm actual free air delivery 

Hp rating of nearest commercial 
size squirrel-cage motor 

60 

cycle 

Lb gage discharge pressure 

Lb gage discharge pressure 

rpm 

60 

80 

100 

120 

60 

80 

100 

120 

1,750 

115 

114 

113 

112 

25 

25 

30 

30 

1,750 

124 

123 

122 

121 

25 

30 

« 30 

40 

1,160 

154 

153 

152 

151 

30 

30 

40 

40 

1,160 

197 

196 

194 

192 

40 

40 

50 

50 

1,160 

233 

231 

229 

227 

40 

50 

50 

60 

870 

284 

282 

281 

279 

50 

60 

60 

75 

870 

341 

338 

336 

334 

60 

60 

75 

75 

870 

377 

375 

373 

371 

! 60 

75 

75 

100 

870 

403 

401 

399 

397 

75 

75 

100 

100 

870 

482 

480 

477 

473 

i 

100 

100 

125 

690 

535 

533 

530 

526 

100 

100 

125 

125 

690 

609 

606 

603 

600 

100 

125 

125 

150 

690 

686 

683 

680 

676 

125 

125 

150 

150 

690 

776 

772 

768 

764 

125 

150 

150 

200 

575 

892 

888 

884 

880 

150 

150 

200 

200 

575 

1,053 

1,047 

1,041 

1,035 

150 

200 

200 

250 

575 

1,408 

1,402 

1,396 

1,390 

200 

250 

250 

300 

675 

1,613 

1,606 

1,598 

1,592 

250 

250 

300 

350 

i__ 


In the round-cylinder bore (Fig. 259) diameter A'B' is greater 
than a line drawn through the center of the rotor when it is off¬ 
set from the true center C'D'. Therefore, the maximum over-all 
lengili of any two-complementing vanes could not be more than 
C'ly. As this is less than A'B\ it is necessary to depend on 
centrifugal force, or springs, to press the vanes apinst the 
cyltoder when they are in a vertical pQsiti(m. 
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Fig. 266.—Volumetric efficiency of single- and two-stage sliding-vane machines 
when used as vacuum pumps. {Courtesy of Lammert & Mann Co.) 



FiOt 257.*-~Chairaoteristios of a two-stage machine used as a vacuum pump* 
{Courtesy of FuUer Co,) 
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^ Rotor End Clearance.—Close clearance between the rotor 
and end caps, together with an oil film, serves as a seal against 
leakage. If the rotor floats freely between the end caps, actual 
rubbing between rotor ends and the casing occurs. Normal 
wear occurs mostly on the end caps, and worn depressions must 
be machined out to bring the clearance back to normal. When 
rotors float freely between the two heads, alignment of driving 
power greatly affects rotor end wear. Some machines use a 
thrust bearing (Fig. 254) to prevent end rubbing; another design 
(Fig. 260) uses a special bearing arrangement which holds the 
rotor centered in the casing. 

Vane Wear.—Sliding contact between the vanes and the 
cylinder wears the vane edges or shoes. Seemingly, this wear 




Fig. 258. —Cam-shaped cylinder. Fig. 259. —Circular cylinder. 

would be considerable, but actual wear in one compressor was 
only 0.004 in. after 13,000 hr operation. 

Normal wear will in time require replacing the vanes. Depend¬ 
ing on compressor design, some may need replacing after they 
have worn i in., while others may permit i-in. wear. Reason¬ 
able wear does not cause leakage. Infrequent inspection will 
permit the vanes to shorten until they begin to cock and bind in 
their slots, and bending or breakage will soon occur. 

To reduce wear, the vanes in some machines do not bear on 
the casing wall. Instead, floating rings (Fig. 261), having an 
inner diameter slightly less than the casing bore, are used. The 
vanes bear on these rings and cause them to rotate with the 
rotot. The outer surface of the floating rings is separated from 
a recess (Fig. 254) in the casing by a small clearance. The drag- 
action of the rings in relation to rotor movemmt may cause 
indtotations in the vane edges. Vanes held out by centrifugal 
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force must be replaced when wear reduces their weight to such 
an extent that centrifugal action no longer exerts sufficient force 
to seal against leakage. Low-speed machines having spacer rods 
(Fig 255) to hold opposite blades in position have no compensa¬ 
tion for wear; either new shoes ot longer spacer rods must be 
installed when wear increases the total spacer-rod clearance 
0.002 or 0.003 in. Consult 
the manufacturer about tlie 
amount of wear permitted. 

Cooling Arrangements.— 

Water jackets and finned 
cylinder walls provide for 
either water or atmospheric- 
air cooling of the compressor 
cylinder. Water cooling usu¬ 
ally begins for compression of 
35 psi and above. Figure 262 
illustrates one method where 
water passages aie cast in¬ 
tegral with the casing. Some 
units may have water-cooling 
passages only in the casing 
heads (Fig. 255). The piping 
arrangement (Fig. 263) fol¬ 
lows the method used on 
reciprocating machines with an overflow sight funnel in the 
discharge line coming out of the casing top. Figure 253 is an 
air-cooled machine. 

Two-stage compressors employ intercoolers to cool the air 
before it enters the high-pressure unit. Figure 264 shows an 
intercooler built integral with the compressor base, and Fig. 265 
illustrates a separate unit. 

Shaft Packing. —Packing methods vary with the different 
manufacturers according to the service for which the machine is 
to be used. Sometimes soft packing (Fig. 266) is used, while in 
other machines a shaft-seal ring is utilized. In the machines in 
Figs. 254 and 266 only one end of the shaft extends through the 
casing; therefore, only one set of packing is required. Metallic 
seal lings require ml for lubrication and to assist in preventing 



Fig 260 —Bearing construction and 
shaft seal nng {Courtesy of Fuller 
Co) 
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Lubricated rotary seals on one or both ends of the shaft have 
automatic spring adjustment. In Fig. 267, the shaft-seal 
assembly consists of a hardened and ground steel or composition 
seal ring running on a seat formed on the inner surface of the end 
cap. The seal ring moves with the shaft by means of the driving 
pin pressed into the set collar and projecting into a slot in the 
ring periphery. The seal ring has a conical bore in which is 
inserted the end of a movable seal sleeve, forming a ball-and- 
socket joint so that the ring is free to make perfect contact with 
its seat. The seal sleeve fits the shaft accurately so that axial 
movement is possible without noticeable air leakage. 

The spring between the sleeve flange and the set collar serves 
to maintain a tight joint between the sleeve and seal ring and to 


Fig. 261.—Floating rings prevent contact between vanes and cylinder. 



keep the seal ring perfectly seated. The set collar serves also 
to keep the roller-bearing inner race in proper position. 

In Fig. 268, soft packing is provided between the seal ring and 
the shaft in place of the seal sleeve and ball-and-socket joint. 
This packing rotates with the shaft and is, therefore, not subject 
wear. 

y Lubricfittion Requirements. —^The sliding-vane compressor will 
normally require a heavier oil than the reciprocating machine 
for the same compression range because of the scraping action 
of the vanes against the cylinder waU. Force-feed lubrication 
delivers oil to the compressor; this oil must not only maintain a 
suitable film on the cylinder walls to provide a running surface 
fm- the vanes, but it must also lubricate the slot in which they 
slide* 
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Lubrication requirements are different for each machine and 
the manufacturer’s instructions should be followed carefully. 
Table 32 gives one set of specifications. Internal lubrication is 



Fig. 262.—Cooling-water passages in cylinder walls. {Courtesy of Fuller Co.) 

generally supplied by means of automatic oilers (Fig. 269) or 
mechanical force-feed lubricators (Fig. 270L), 

Table 32.— Charactekistics op an Oil Suitable for Sliding-vane 

Compressors 

For machines operating with room temperature 60 to 90 F 
Characteristics A oils B oils 

Flash minimum. 450 F 450 F 

Fire minimum. 500 F 500 F 

Saybolt at 210 F. 70-90 sec 55-70 sec 

Eecommended maximum 

carbon. 0.50% Conradson 0.35% Conradson 
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The oil economizer (Fig. 271) has a needle valve V at the 
bottom of the oil container with its stem extended through the 
operating cylinder on top of the container. The valve is opened 
and closed by pressure from the compressor discharge ejj^erted 
under a spring-loaded cup-leather piston P in the cylinder. A 
seal around the needle-valve stem prevents leakage of pressure 
into the oil container. The feeding rate is regulated by the 
knurled nut N at the top of the stem which limits the opening 



Fig. 263.—Pipe the cooling water so that the passages fill completely before any 
discharges. {Courtesy of Allis-ChaXmers Manufacturing Co,) 


of the needle valve and which can also be used to open the valve 
by hand in case the compressor is operated without pressure on 
the discharge. A minimum discharge pressure of 5 psi is required 
to operate the oiler satisfactorily. Adjust the feeding rate to 4 or 
5 drops of oil per minute. 

The most reliable method of determining whether or not the 
feed is correct is by inspecting the compressor interior. If the 
surfaces are dry and show signs of rust, the feed is too small and 
should be increased; if lubricant has accumulated in large quan¬ 
tities, the feed is excessive and should be reduced. 

The feeding rate on the mechanical unit (Fig. 272) is adjusted 
by screw E, To decrease the feed, turn screw E clockwise. 
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Nine complete turns are necessary to adjust from minimum to 
maximum feed. 

To refill the sight-feed glass, fill the gun X with equal parts of 
glycerin and distilled water. Remove plug F and screw the gun 
in its place. Turn the gun handle until all oil is forced out of 
the sight glass and the glass is full of clear liquid. Then give the 
gun handle 40 additional turns to fill the space C above the sight 
glass completely. Then remove the gun and insert the plug. 

Water and Oil Separators.—Some manufacturers use a com¬ 
bination separator and oiler. These devices connected in the 
air-discharge line remove oil carry-over and return it to the com¬ 
pressor. A cross section of the unit in Fig. 273 is shown in 
Fig. 274. 



Fig. 264.—Intercooler formed inside the compressor base. 


To check up on oil flow, remove the lower end of the copper 
tube from its connection on top of the compressor cylinder, 
loosen the coupling nut on the brass elbow on the oiler, and turn 
the tube to one side. Open the suction and close the discharge 
by the valve, or by pressing the palm of the hand against it. 
Start the compressor. After about 1 min operation, oil should 
drop from the tube at the rate of 1 or 2 drops a sec. If no oil 
flows after several minutes^ operation, it is possible that the 
flow-reducing valve is clogged. In this case, unscrew the brass 
elbow that contains the check valve and clean it thoroughly. 

There are three internal strainers in the oiler, so that the 
chance of the filter's becoming clogged is somewhat remote. 
However, after the oiler has been in service for about a year it is 
advisable to clean the oil filter. To do this, remove the small 
pipe plug in the front of the oiler below the copper tube and pull 
out the wire mesh with a pair of small pliers, or a small hnok, 
which will connect with the eye in the middle of the roll of wire 
screen. 





Fiy. 266 .—Cross section showing bearing arrangement and shaft-coupling shear 
pins. {Coufieay o/ Fuller Co.) 


Unloading Metiiods.—SUding-vane compressors are positive- 
displacement machines, require a safety valve on the discharge 
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(Fig. 276), and are normally equipped with an automatic un¬ 
loader consisting of a spring-loaded, air-operated intake valve 
controlled by a pilot valve. When maximum-discharge pressure 
is reached, the inlet valve closes, a check valve in the discharge 
line (Fig. 277) closes, and a by-pass opens between the discharge 
and inlet that completely unloads the machine. When excess 
air must be by-passed for any considerable length of time, it is 
advisable to install a by-pass cooler. 

On small compressors or when air demand is intermittent, the 
automatic unloader is exchanged for a pressure switch and auto¬ 



matic motor starter. The compressor then starts and stops 
according to the air demands. 

In the unloader (Fig. 278) incoming air moves down through 
ports in the main valve as indicated by arrows. Control pressure 
from the receiver enters the pilot valve at X. 

When air pressure exceeds the setting of the pilot-valve spring, 
the pilot valve lifts and uncovers a port leading to piston Y. 
The piston then moves to the right, closes the main valve, and 
opens the relief valve Z. This valve relieves the pressure between 
the outlet check valve and the cbmpressor cylinder. 

The intake unloader (Fig. 281), shown in cross section in 
Fig. 279, closes the compressor inlet and opens a by-pass to 
unload the machine. When the compressor is loaded, valve A 
is held open by its spring. A pilot or solenoid-operated valve 
(Fig. 280) admits air pressure to close the intake valve. 
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When the solenoid is deenergized, port C is open, allowing 
air to pass from C to ^4 and then to B (Fig. 279). This pressure 
forces the main valve up, closes the intake, and opens the by-pass 
to relieve pressure inside the cylinder. 

Starting the Compressor. —Before starting the machine, check 
the following points: 

1. The lubricator should contain an adequate amount of oil. Turn the 
hand crank to ensure that all oil lines are clear of air and arc filled with oil 
so that lubrication starts at once. Loosen tubing connectors at the cylin¬ 
der to determine when tubes are filled with oil. Do not neglect to retighten 
as soon as all air is forced out. 

Vent 


Woffer 

Jofc/re/ 

- Ro//er 
bearing 

^Oi/ofuc-hs 


-Sofi 
packing 
Seat ring 
Seat spring 

Oit atrip 
—Drain 


Fig. 268 . —Shaft seal contains auxiliary soft packing. (Courtesy, Yeomans 

Brothers Co.) 

2. Turn the cooling water on and adjust the cylinder supply so that the 
jackets are never less than 70 F, or above 100 F. Adjust water flow to the 
intercooler of two-stage machines so that air discharge from the intercooler 
is as cool as possible. 

3. Open the main air-line-cutoff valve. 

4. Before starting a machine fitted with an intake regulator, which is to 
discharge into a system already under pressure, set the regulator to the 
unloaded position. Unload the regulator (Fig. 278) by turning the hand- 
wheel to screw the valve all the way in. Be sure to unscrew it all the way 
out to reload after starting and opening the line-cutoff valve. 

5. In the case of a new machine, check the direction of motor rotation 
with the coupling opened. This is important. The direction of rotation is 
marked by an arrow on ihe cylinder. 
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6. Should the compressor have been shut down during freezing weather 
and cooled off thoroughly, turn it over by hand for at least one complete 
revolution before starting. 




Fio. 270.-'-Force-f«ed lubricator L feeds oil as required. 


/ Intercooler Drainage.—Drain all condensed moisture from the 
intercooler air passages of two-stage compressors regularly. 
This helps dry the air and adds to the life of the compressor. 
Condejisate traps mpst be watched; do not assume that they are 
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working. All drains should have visible outlets. Do not 
attempt to drain the intercooler when the compressor is running 
unloaded, because at that time it is under vacuum. Keep the 
moisture trap under the cylinder head drained of water condensed 
in the bearing chamber. 

Running Unloaded.—Any compressor having an intake regu¬ 
lator Should not run in the unloaded condition (either auto¬ 
matically or otherwise) more than ^ 
hr at any one time. If conditions 
require a greater length of unloaded 
time, the compressor must be shut 
I down or a blowoff provided so as to 
^ increase the total proportion of full¬ 
load running time. To run unloaded 
for any considerable length of time also 
wastes power. 

Stopping the Machine.—When a 
compressor is equipped with a regula¬ 
tor, unloading the machine by hand 
before stopping will prolong the life of 
coupling shear pins. Shut the jacket 
water off as soon as the compressor 
stops, and open the drains to empty 
the jacket of water. This prevents 
condensation of moisture on the cylin¬ 
der walls when the compressor is idle. 
If there is any possibility of freezing, 
always drain the cylinder jacket and 
intercooler. 

Fig. 271 ,—Automatic oil The machine should start easily and 
economizer. quietly with a minimum of vibra¬ 

tion, normally operating with a smooth, low-pitched hum. 
(The pitch is higher when the machine is unloaded.) 

Maintenance Requirements.—Maintenance consists of inspect¬ 
ing the bearings, shaft packing, and rotor vanes and cleaning 
the lubricating system, water jackets, air filter, imloading valve, 
and pilot valve. 

When inspecting bearings, tap them lightly to see that the 
race is tight on the shaft. Flush oil-libricated bearings by pour¬ 
ing about 1 pt of light oil into the housing throu^ the filling 
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line. Clean the lubricator, oil reservoir, and piping at regular 
intervals. 

The unloader, pilot valve, and supply lines require regular 
cleaning to prevent accumulations of carbonized oil and pipe 
scale. 



Fig. 272.—Cross section of force-feed lubricator. 


Here is one suggested maintenance time schedule: 

Daily: 

1. Drain moisture from the air lines. 

Weekly: 

1. Oil the shaft packing. 

2. Flush oildubrioated bearings. 
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Monthly: 

1. Inspect and grease the bearings. 

2. Clean the cooling-water system. 

3. Clean the unloader and pilot valve. 

4. Clean the intake filter. 

5. Check shaft-coupling bolts and shear pins. 

Yearly: 

1. Dismantle the machine to inspect rotor vanes and cylinder walls. 

2. Clean the lubricating system thoroughly. 



Fig. 273.—Automatic device removes oil from the discharge and returns it to 
compressor {Courtesy of Foster Pump Works, Inc,) 

These faults indicate the need of internal inspection and 
attention: 

L Excessive oil sludge indicates 

1. Insufficient lubrication or poor quality lubricating oil, causing: 

а. Excessive vane wear. 

б. Excessive wear of cylinder walls. 

2. Dirty inlet air, due to: 

o. Excessively dusty location. 

5. Clogging of the inlet-air filter. 

II. Excessive discharge-air temperature indicates 
1. Ineffective water cooling from: 
a. Inlet-water temperature too high, 

, Insufi^cient water pressure. 

0. Dirt and scale in the wat^ jacket, 
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2. A defective bearing, causing metallic contact of the rotor and 
cylinder 

3. A dirty air filter, causing a reduction in the amount of air delivered. 
III. Undue noise, vibration, or periodic knocking may be caused by 


1. A defective bearing. 

2. Excessive vane or cylinder 
wear. 

3. Insufficient lubrication. 

4. Rotor scraping the bottom 
of the cylinder. (Knock- 
ing will be more apparent 
when the machine is 
unloaded.) 

IV. Faulty operation of the un¬ 
loading valve may be 
caused by 

1. Oil sludge, dirt, or scale 
in the pilot valve or line. 

2. Gummy oil causing the 
power piston to stick. 

3. Failure of the pilot-valve 
diaphragm. 

4. Breakage of the three-way 
valve in the pilot valve. 

5. A leaky valve. 

6. A solenoid coil burned out. 

7. Failure of the pressure 
switch and/or electrical 
connection. 

Dismantling Two-stage 
Compressors. —To dismantle 



Compressor Oil fo com-^ 

discharge pressor 

Fig. 274.—Cross section of automatic 


oiler in Fig. 273. 


the compressor in Fig. 254) proceed as follows: 


1. Lift the machine from the base plate and remove the half coupling 
from the rotor shaft. 

2. Slide the stuffing box and gland from the shaft. 

3. Remove the lock nut and washer holding the inner bearing race. Be 
sure to mark the location of the lock nut with respect to the shaft before 
removal, so that it can be drawn up to its original position when reassembling. 

4. Remove the low-pressure cylinder head (motor end) and bearing as a 
single unit as follows: 

o. Insert studs in the cylinder head that extend beyond the shaft end. 

6, Place a drilled plate or bar over the studs and against the shaft end. 
lighten the stud nutsfip remove the bead and thrust bearing from the cylin¬ 
der. Note carefully the relative position of the two bearings. They must 
be replaced in exactly the same position. 
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5. Remove the high-pressure cylinder head (outboard end) together with 
the outer bearing race and roller assembly. 

6. Remove the high-pressure rotor. It is a slide fit on the shaft and can 
be easily removed with eye bolts inserted into tapped holes in the rotor face. 
Tie a cord around the rotor to hold the vanes in place. 

7. Remove the low-pressure rotor and shaft as a single unit. Tie a cord 
around the rotor to hold the vanes in place. 

8. Remove the retaining rings by inserting two long threaded studs in 
tapped holes in the ring edge. Drill a plate to pass over the studs and block 



Fig. 275.—Oil and water separator. {Courtesy of Beach-Rues Co.) 

it against the cylinder. Keep the rings square with the cylinder bore while 
pulling. Note the relative location of markings on the rings with respect to 
the cylinder so that they can be replaced in their original position. 

0. Remove the floating rings by hand, checking reference marks so that 
they can be replaced correctly. An arrow shows the direction of rotation. 
Tie a cord around the ring to hold the sealing blades in place. 

ReassembUng Two-^stage Compressors.—See that all internal 
surfaces are free from dirt, oil holes are open, and water jackets 
and intercooler*-water passives are clean. Remove burrs and 
stone ah rough spots in the cylinder and on the rotors. 
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Wash the bearings in clean oil and cover each part with lubricant 
as it is replaced. 

1. Replace the floating rings and their blades in the cylinder recesses. 
Be sure the rotation arrows point in the right direction. 

II. Install the retaining rings. Drive them lightly to position, keeping 
the ring square with the cylinder. Be sure the rings are in their cor¬ 
rect position—the oil hole in the cylinder and ring must line up. 
After the retaining rings are in place, see that the floating rings turn 
freely by hand. 

III. Assemble the low-pressure rotor and shaft, low-pressure cylinder head, 
bearing, and stuffing box as follows: 

1. Block up the rotor and shaft on end and replace the low-pressure 
shaft-sealing ring in its groove. 

2. Place the cylinder head on the shaft. Put thin metal strips over 
the sealing ring so that it will not be pinched when the head slips 
over. Then remove the strips. 

3. Press the thrust bearing on the shaft as follows:, 

a. Transfer the scribed lines on inner and outer races from open 
face to back face on one of the bearings. 

b. Place this bearing on the shaft so that the back face (printed 
side) is visible. Note the position of the scribed line on the 
outer race by making a chalk mark on the face of the cylinder- 
head flange so that the chalk mark is in line with the scribed 
line on the outer race. 

c. Turn the inner bearing race so that its scribed line coincides 
with the shaft key way. 

d. Place the second bearing on the shaft with the back face 
(printed side) in contact with the first bearing. (Bearings are 
in the back-to-back position.) The scribed line on the inner 
race must line up with the shaft key way, and the line on the 
outer race must coincide with the chalk mark on the cylinder 
head, 

c. Press the bearings into position, applying pressure to the inner 
races only (Pig. 282). Do not hammer the bearings or apply 
pressure to the outer races. 

4. Replace the lock nut and washer and draw the nut up tightly. 

5. Attach the stuffing box, insert the packing, and draw the gland 
up lightly. 

6. Measure the clearance between the rotor and the cylinder head. 
It should be from 0.004 to 0.006 in, and must be the same at all 
points on the rotor circumference Fig. 283A. 

7. Place cup grease in the piston-ring grooves, thus preventing the 
rings from dropping too far out of central position. Put the 
rings in the ^ooves, being careful not to spring them more than 
necessary. 

8. Slide on the cylinder-head gasket. If a new gasket is required, 
use one of the same thickness as that stamped on the old gasket 
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name plate. If the name plate is not legible, use gasket material 
0.001 to 0.002 in. thicker than the old one to provide for com¬ 
pressing the material. Since sliding-vane machines can compress 
to fairly high pressures, leakage past the rotor and at the shaft 
seals can be a major item. An overthick gasket between the case 
and end cap permits serious air slippage. Apply a film of cylinder 
oil and graphite or cup grease to the gasket face next to the 
cylinder head to facilitate later removal of the head. 

9. Slide the rotor afid shaft into the cylinder, taking care not to 
scratch the cylinder or pii^ch the piston rings in the interstage 
partition. See that the rotor vanes are returned to their exact 
position in the slots. 



10. Before tightening the cylinder head, raise it slightly until the 
dowel holes line up. Tlie dowels determine the clearance between 
the rotor and the cylinder wall, and care must be taken not to 
damage them or their reamed holes. 

IV. Slide the high-pressure rotor on the shaft and replace the vanes. Note 
that the shaft is fitted for two keys. The key marked A must fit in 
the rotor-key slot marked A. 

V. Replace the high-pressure sealing ring. 

VI. Attach the high-pressure gasket and cylinder head. Place thin 
metal strips oyer the sealing ring so that the cylinder head will not 
pinch the ring as it slips over. Install dowels as described on the low- 
pressure cylinder head. 

VII. Replace the bearing and bearing coyer. 

VIII. Attach the shaft half coupling, heating it in oil to 250 F if necessary. 
(Do not use excessive force to drive it to place.) 

IX. Return the machine to its bedplate and line up. 
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TWO-IMPELLER COMPRESSORS 

General Characteristics.— These compressors are primarily 
suited to pressures from 10 to 15 psi and for higher pressures by 
operating two or more units in series. 

They are built in a wide range of sizes for capacities up to 
60,000 cfm, and with the rotors running in either sleeve (Fig. 
284), or roller bearings (Fig. 285). New sleeve bearings can be 
installed by taking off the cap and rolling out the bottom bearing 
shell. New bearings automatically restore the impellers to their 

Pressure 



Fio. 279.—Power piston operated by solenoid valve. {Courtesy of Allis-’Chalmers 

Manufacturi'ng Co.) 

original proper clearance in relation to the case. Double-row 
roller bearings are considerably oversized to keep bearing pres¬ 
sures lower than those used in ordinary practice. 

Operating Principle.—Two impellers (Fig. 286) mounted on 
parallel shafts rotate in opposite directions. Their contour and 
finish are such that a clearance of a few thousandths of an inch 
is precisely maintained at all points of a revolution by a pair of 
accurately cut timing gears. 

In Fig. 286, impeller A, rotating in a clockwise direction, is in 
a position where its bottom tip has just cut off the opening to the 
inlet port, and the top tip is ready to open to discharge. Air is 
trapp^ b«twm the left-hand side of tihe impeller and the casing, 
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which is not open to either the suction or discharge. As the 
impeller continues to rotate, its top tip opens the discharge and 



device From am receiver 


Fig. 280. —Solenoid-operated pilot valve. {Courtesy of AUis-Chalmera Manu¬ 
facturing Co,) 



Fig. 281.—Intake unloader with its pilot valve. 


the bottom tip pushes the enclosed air into the discharge system. 
The action is repeated twice for each impeller revolution, or four 
times for each turn of the driving shaft, The speed determines 
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the capacity in cubic feet of air delivered, while the generated 
pressure is that needed to force the air into the system. Because 
there is no internal rubbing between lobes, no internal lubrication 
is required, except a small amount of grease at the shaft shoulders. 
Air is therefore delivered free of oil. 

The curve (Fig. 287) illustrates constant-speed operation, as 
when driven from induction or synchronous motors. The 
capacity remains practically constant regardless of pressure 
changes. The horsepower varies with the discharge pressure. 



Fig. 282.— Pressing thrust bearing in position. 


Figure 288 gives the characteristic curve of a three-speed motor- 
drivep unit. This arrangement gives three eflScient volume 
points and shows the horsepower saving that can be made with 
this drive when variable volumes are handled. 

Figure 289 illustrates the characteristic curve of variable-speed 
operation, as when the machine is driven from a steam engine, 
steam turbine, or gas engine. In this case horsepower varies 
directly with volume and pressure. Figure 290 shows eflSciency 
curves of a SSS-rpm, 12,500-cfm motor-driven machine. 

XMving Gears, —The multiple-contact tooth gears (Fig. 291) 
have three or four pairs of teeth actually in working contact at 
ah times* Beoause of thk^ intensity of tooth pressure is low au4 
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a more effective oil film is maintained with consequent smooth 
operation and long life. Gears are made from close-grained, 
hard semisteel castings with teeth cut from solid blanks. 

As clearance must be maintained between the lobes, provision 
must be made in the driving gears to adjust for tooth wear. The 
gib key in one gear (Fig. 291) permits accurate location of the 
lobes with relation to each other and obviates the necessity of 
using an offset key to shift the gear when setting the lobes or 
taking up for tooth-surface wear. Wear occurs at shaft shoulders 
only if excessive end-thrust or out-of-level conditions exist. 



Fig. 283.—Sectional view of rotor end clearance. 


End Clearance. —Axial clearance between the impeller ends 
and casing head is extremely small and is just sufficient for 
expansion caused by the heat of compression. On sleeve-bearing 
machines the rotor must be free to center itself between the heads. 

For this reason it is important that there be enough clearance 
between the coupling flanges so that the driving shaft will not 
exert any thrust on the compressor shaft. If the casing head 
should be removed, the same thickness of gaskets must be used 
in reassembling to ensure correct clearance. Compression of 
material must be considered when measuring gasket thicknesses. 
Excessive end clearance will cause reduced capacity because of 
increased slippage. 
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^Mr Slip,—Efficiency depends largely on the amount of friction 
and slip. Slip is the leakage back to the inlet side which occurs 
because of clearance between the casing and rotating parts. 
The quantity of air leaking back can be shown as cfm, but for 
convenience is usually expressed in rpm. Thus it may be said 
that the slip in rpm is the number of revolutions the machine 
must make to hold the pressure against leakage or to make up for 
leakage air. 

Pressure and speed control the slip to a great extent, as is 
apparent by the efficiency curves in Fig. 294. A machine 



Fig. 284.—Ring-oiled sleeve bearings and grease-lubricated shaft shoulders. 

{Courtesy of Power.) 

developing a given pressure at low speed has a greater slip than 
it would have if operated at a higher speed of the same pressure. 
Since these machines are positive-displacement compressors, 
they require a safety valve in the discharge line. 

Load Control.—^The two-impeller unit operating at constant 
speed, as when driven by electric motors, delivers constant 
volume. Excess capacity is relieved by a hand-adjusted or 
automatic by-pass vaH'e set to maintain the desired suction or 
pressure on the inlet or discharge side. A diaphragm-actuated 
by-pass valve, generally loaded with weights, serves on installa¬ 
tions where extremely close regulation is not required. 

When close regulation is needed, a Huntoon-actuated by-pass 
valve is used. This regulator maintains constant sucti<m or 
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inlet pressure down to a i-in. water column. The governor con¬ 
sists of a bowl in which a float, weight-loaded and subjected to 
the inlet-air pressure, operates in either water or mercury as 
determined by the pressure condition. 

Diaphragm-actuated relay governors using a hydraulic cylinder 
on the by-pass valve are used where closer regulation than a ^-in. 
water column is required. On steam- or gas-driven units, control 
may be by either hand throttling or automatic governor—either 
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Fig. 286 . —Grease- and oil-lubricated ball and roller bearings. 


of the diaphragm or Huntoon design—mechanically connected to 
the throttle valve controlling the unit speed to maintain the 
desired pressure conditions. 

On large steam-engine-driven units, controls frequently func¬ 
tion by changing the cutoff, or, working through pilot valves, 
operate a hydraulic-power cylinder. Regulators can be fur¬ 
nished that will completely unload large constant-speed motor- 
driven units for reduced volumes by by-pass-valve operation to 
m^tain the desired pressure or suction for which the regulator 
i^et. 

Shiift Paddng.—^The improved packing gland (Fig. 295) serves 
to prevent air leakage where the shafts pass through the head- 




^ Fig, 286.—Two-lobed impellers rotate in opposite directions and carry the 
air in pockets between them and the case. {Courtesy of Roots-ConnersvUle 
Blower Corp.) 



curves ot a constant^^peed two*imp ^|e ir compressor* 
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plates. Packing is* vented to the suction side by a lantern ring 
in the back of the gland so that it is only necessary to pack 
against suction pressure. 

Cooling Arrangements.—The two-impeller compressor does 
not require cylinder cooling because of its low-pressure discharge. 
When two units operate in series to make a two-stage compressor, 
the air usually goes thrtmgh an intercooler (Fig. 296) before enter¬ 
ing the high-preasure machine. 

Field of Application.—Even though the two-impeller com¬ 
pressor is classed as a positive-displacement machine it more 



Cubic Feef per Minufe ai Inlef 

Fia. 288. -Characteristic curves of a multispeed two-impeller machine. (Cour- 
tesy of Roota-Connersville Blower Corp.) 


nearly approaches the single-stage centrifugal compressor in its 
field of application than do any of the other rotary compressors. 
These swing, to some extent, to the reciprocating field where 
higher pressures and lower capacities predominate, 

LIQUID-PISTON COMPRESSOR 

General Characteristics.—This machine consists of a round 
multiblade rotor revolving in an elliptical casing (Fig. 297) 
partly filled with water. A continuous supply feeds into the 
casing, any overflow passing out with discharged air to settle in 
the separator {Fig. 298). If the seal-water temperature is 
suflSiciently low, air delivered to the distribution system can be 
maintained above the dew point. This feature obviates the^ 



Tablb 33. — Size, Capacity, Head, and Power Requirements of a Liquid-piston Compres^^or 
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necessity of installing an aftercooler. For exacting sendees 
the compressor seal water can be chilled to eliminate any possi¬ 
bility of condensation in the pipe lines. 

Low-pressure units are good for 35 psi (Table 33). Special 
designs are available in single stage for pT-essures up to 75 psi. 
For higher pressures one or more units operate in series. Proc¬ 
esses requiring a large quantity of air at low pressure and smaller 



R.p.m. 

FiO. 289.—Variable-speed operation of a two-impeller compressor. 


quantities at high pressure employ a two-pressure system. This 
consists of a large machine to compress all the air to low pressure 
and a small booster compressor to supply the high pressure re¬ 
quirements. Both machines operate automatically to follow indi¬ 
vidual load fluctuations. Capacities range as high as 5,000 efra. 
Figure 299 gives performance curves. 

The shafts ride in roller or ball bearings mounted in dirtproof 
housings. The single impeller (Fig, 300) overhangs, both bear¬ 
ings being located between the rotor and driving motor, whereas 
double-impeller unit (Fig. 301) carries the rotor between 
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bearings. Some machine bearings are oil-lubricated; while 
others use grease. 

Operating Principle.—Curved rotor blades (Fig. 302) project 
radially and form, with their supporting side shrouds, a series of 
pockets or cells around the rim. Rotation at a high speed throws 
the water out from the center by centrifugal force, resulting in a 
solid ring of water revolving in the casing at the same speed as 
the rotor, but following the elliptical contour of the casing. This 



Fig. 290.—Volume, horsepower, and efficiency curves of a 588 rpm, 12,500 cfm, 
12 psi, two-impeller compressor. (Courtesy of Roots-Connersville Blower Corp.) 

alternately forces the water to enter and recede from the cells 
in the rotor at high velocities. 

The four-pocket chamber jB, containing the inlet and discharge 
ports (called the cone), surrounds the shaft; being cast integral 
with the end bell, it remains stationary. The impeller blades, 
held and supported by a shroud ring, revolve as a unit around 
this chamber. 

Starting with the cell at A, which is now filled with water and 
moving in a clockivise direction, we can follow its movement. As 
the cell moves over inlet port B, centrifugal force causes the liquid 
to move out into the ellipse so that air takes its place. This action 
continues until the cell is filled with air, which it carries along until 
it reaches point C. Here the restricted space muses the water 
to reenter th^ cell, forcing the air out from the dischaiie port 
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Forcing the water gradually to enter and recede from the rotor 
chambers twice each revolution gives an even flow of air with 
minimum pulsating effect. Efficient operation requires close 
running clearance between the impeller and cone. A small quan¬ 
tity of water supplied continuously rernoves the heat of 
compression. 

A certain amount of wear, caused l)y water erosion and foreign 
matter entering with the air, increases the rotor clearance and 
must be compensated for by adjusting at the outer end bearing 
and at cone flanges. Wear takes place slowly, making frequent 
internal inspections unnecessary. The manufacturer does not 



recommend frequent dismantling unless output tests show a 
definite drop in capacity. 

Starting and Operation. —Never start the compressor before 
the sealing water is turned on, or it will be seriously damaged. 
Before applying power, turn the unit over by hand to see if the 
rotor is free. If it will not turn, loosen the head and rotate 
several times to remove any rust adhering to the rotor, then 
retighten the head. Once the machine runs there is no danger of 
its binding. 

After freeing the rotor, fill the casing about half-full of water, 
theti start the machine, and adjust the cooling-water flow. The 
water-adjusting needle valve is set at the factory for a supply 
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Fig. 292,—a 10,000 cfm compressor driven by an engine using sewage gas as fuel. 
{Courtesy of Compressor Air Institute.) 



fm, 29d,^ynehronou8-mot07 drive for oonet^t^peed eervioe* (CmtUiif 
‘ Pomr^ 
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pressure of from 30 to 75 psi. Check the water pressure before 
changing the needle-valve adjustment. If the water pressure is 
below 30 psi loosen the lock nut 200 (Fig. 300) and unscrew the 
needle valve 171 slightly. Screw the needle valve in for 
pressures above 75 psi. If local water pressure fluctuates 
excessively, install a pressure-regulating valve. 

Do not reduce seaFwater flow to the extent that the com¬ 
pressor runs warm. A warm machine means warm discharge air 
that contains excess vapor that will condense in the lines. If 
the compressor heats up, inspect the seal-water strainer and 
check the water pressure. 



Fig. 294.—Lower speed means lower efficiency since, at equal pressures, air slip 
stays practically constant but constitutes a greater portion of total flow. 

The separator (Fig. 298) removes overflow seal water contain¬ 
ing entrapped dirt particles from the compressed air and dis¬ 
charges it through a float-operated valve. A gage glass shows 
the water level maintained by the float valve. This level is 
normally low, and, if it shows any appreciable rise, clean the float 
valve and separator immediately. Clean the inlet-water strainer 
189 (Fig. 300) regularly. 

Locating Trouble,— If trouble is experienced in securing full 
output or in maintaining full pressure, check these points before 
dismantling: 

1. Proper amount of seal water. 

2. Eotation—check against the arrow moimted on the compressor head 
or bearing bracket. 

3. Correct speed. 

4. Incorrect assembly—^parts may not have been assembled correctly if 
the compressor was dismantled. 

5. An obstructed inlet. 



302 


AIR COMPRESSORS 


The compressor operates at best efficiency with the clearance 
between the rotor and cone as adjusted at the factory. Under 
constant use, this clearance may increase to such an extent that 

the compressor must be dismantled. 
Uniform wear may be compensated 
for by removing gaskets between the 
head and body to bring the com¬ 
pressor back to capacity. If cones 
are pitted and grooved, new ones must 
be installed or the old ones reclaimed 
by machining. This involves cutting 
a taper of 8 deg that must be ex¬ 
tremely accurate. 

Dismantling the Compressor. —Be- 

. fore dismantling the unit, mark each 
Fig. 295.—Soft-packing , ^ 

shaft seal for two-impeller part accurately to e,nsure correct 
compressor. assembly. 

All ring shims located under the face of outboard bearing 
outer cap A (Fig. 301) should be retained. Measure the thick¬ 
ness of each set so that they will not be interchanged. Small 
machines (Fig. 301) have the heads and cones in one piece. 




Fio. 296.—Two-stage arrangement of two-impeller compressors with intercooler. 


Before removing either head, take off the outer bearing cap and 
then replace tbg nuts to hold the inner cap in place. Take off 
the shaft-bearing lock nut and remove the head, <?one, and bear^ 
ing assembly as one unit. 
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If it becomes necessary to replace the separately assembled 
cones (Fig. 303), set the head and cone assembly on the floor 
with the small end of the cone pointing downward. Then lay 
blocking around the cone up to within 1 in. of the head and lightly 
hammer aiound the head-side wall with a wooden or rawhide 
mallet until it comes free. 

With one head removed from the compressor, the rotor and 
shaft assembly can be withdrawn. The rotor has a press fit on 
the shaft; when removing it apply pressure against the rotor 



Fig 297.—Component parts of a liquid-piston compressor. {Courtesy of Nash 

Engineering Co ) 

hub after removing the shaft-sleeve setscrew. Do not apply 
pressure to the impeller shrouds. The packing sleeves also have 
a shrink fit on the shaft. Always mark the rotor position on the 
shaft SQ that it can be returned to its exact former position. 
This is important. 

Reassembling the Machine. —^When fitting a new cone, set 
the head on blocks with its outer surface facing up and slip the 
cone into place. Then remove it and apply a thin, even film of 
fine grinding compound where the conical surfaces meet. Return 
the cone and rotate it several times in each direction. Do not 
apply downward pressure; it is necessary only to polish the sur¬ 
faces to make them tight. 
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After fitting, relieve the outside edge of the head^s conical bore 
by scraping. Center the cone in its proper position in the head. 
If all parts have been marked as previously outlined, no difficulty 
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luZ 
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COLD WATER SUPPLY 


SHLIT OFF VALVE 


Fia. 298.—Piping arrangement for a liquid-piston compressor plant. 


will be experienced. Tighten the cone nuts evenly and use a 
dial indicator to check squareness with the gasket face of the 
head. 



Fio. 299.—Typical performance curve of a single-stage liquid-piston compressor. 
{Courtesy of Nash EnginssrinQ Co.) 

Rotor end travel is determined by a thickness gage after both 
ball bearings are installed and the outboard bearing caps are 
assembled without shims. The end caps of this bearing are held 
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together by through bolts that move freely in clearance holes 
drilled through the bearing bracket. Therefore, moving the 



Fig. 300.—Cross section of an ovoihung single-impeller compressor. 
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end caps and bearing race longitudinally moves the rotor and 
shaft as well. 


Table 34. —End-travel Adjustment of Nash Liquid-piston Compressor 
Machine Size End Travel of llotor, In. 

LI and H2 0.010-0 015 

L2andH3 0.015-0.025 

K2, L3, and H4 0.020-0.030 

K3, L4, andH5 0.030-0.040 

K4, L5, and H6 0.040-0.050 

K5, L6, and H7 0.050-0.060 

K6, L7, and H8 0.060-0 070 

K7, L8, and H9 0.070-0.080 

K8, L9, and HIO 0.080-0.090 

Referring to Fig. 301, cross section of the outboard-bearing 
assembly, determine rotor end travel as follows: Tighten the 
three cap screws B in the outer cap C until the rotor binds in the 
cone on the drive end. With a thickness gage measure the dis¬ 
tance at A. Then slack off the cap screws and insert three 
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setscrews D in holes provided in the outer cap. Tighten the set¬ 
screws until the rotor binds in the cone on the outer end. Again 
measure distance A . The rotor endwise movement is the differ¬ 
ence between the two measurements taken at A. If the end 
travel is greater than standard (Table 34), remove some of the 
body gaskets; if it is less, add to the body gaskets. Too much 
end travel lowers compressor efficiency, while too little may cause 
the rotor to bind. 


CENTERING ROTOR OF LIQUID PISTON COMPRESSOR 


Set scr 0 tys mok’e rotor 
to thf / 0 ff\ « 

_^ U 


D I Clamp bolts | | 

Cap scrotvs'maro rotor to 
tho rtght 



Measure total rotor end travel at 
A. If it exceeds normal, remove a 
main body gasket shim. Total al¬ 
lowable end travel varies from 
.010 to .090 in. depending on 
compressor size. Then insert shims 
at A to hold rotor in the center 



Fig. 30]t.—‘Rotor clearance affects efficiency; keep it adjusted properly. (Co«r- 

tesy of Power.) 


Adjust the outer end bearing assembly to centralize the rotor 
in the casing as follows: Tighten setscrews D until the rotor binds 
an its outer end. Then loosen the setscrews and tighten cap 
screws B until the outer cap moves half the amount of endwise 
movement as previously measured. Now carefully measure the 
distance A to learn the shim thickness to be installed between 
the face of the outer cap and bearing bracket at A. Then 
ti^ten the cap screws B and remove setscrews D. The rotor 
should now revive without contact. 
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ELLIOTT-LYSHOLM COMPRESSOR 

Development.—Development of the Elliott-Lysholm rotary 
compressor was undertaken in Sweden in 1943 and is covered 
by a number of foreign and domestic patents. Approximately 
thirty machines have now been built and tested, varying in size 
from 15 to 10,000 cfm. 




Fig. 304. —Longitudinal section of an Elliott-Lysholm compressor. 


Operating Characteristics.—In this compressor (Fig. 304) the 
air is tranported diagonally by the pair of helically lobed rotors 
which interact to provide an axial as well as a cross seal. The 
distinguishing feature lies in its action on each charge of air after 
it is sealed off from the inlet and before it is brought into com¬ 
munication with the discharge. A charge is initially enclosed 
in the space bounded by the tooth flanks, casing bore, and end 
walls. 

The rotor helices are so chosen that a particular thread space 
is completely filled and sealed off from the inlet just as it is 
entered at its opposite end by a ooacting lobe on the other rotor. 
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Further rotation establishes an axial seal which separates this 
charge from the charge in the succeeding grooves. As rotation 
proceeds, this seal moves axially, effecting a reduction in the 
charge volume and a substantially adiabatic compression. 
When leading lobes of the grooves pass the boundaries of the 
discharge port, the compressed air is forced into the discharge. 
The location of the port thus determines the built-in compression 
ratio. 



CHAPTER X 

CENTRIFUGAL COMPRESSORS 


Classification.—The ASME test code classifies centrifugal 
compressors and exhausters as those which, if used to compress 
air initially at standard atmospheric conditions, would increase 
the pressure by more than 1 psi (27.73 in. of water). 

General Characteristics.—Centrifugal machines (Fig. 305) 
have a pressure range up to and above 100 psi, depending on 
the number of impellers used. For pressures under 35 psi they 



Fio. 305.—A three-stage centrifugal blower with fabricated impeller wheels.' 
{Courtesy of Allis'-Chalmers Manufacturing Co.) 


are classified as blowers, and above that are called compressors?! 
They consist essentially of a casing in which revolve one or more 
impellers mounted on and supported by a shaft. Centrifugal 
force causes compression of the air and induces its flow to the 
periphery of the impeller. This tends to create a low-pressure 
area at the inlet which causes additional air to enter. As the 
air passes through the impeller it is accelerated to a high speed; 
this velocity is then converted into additional pressure by 
gradual deceleration in the diffuser or volute vdiich aurrounde the 
im|>eUer, 


810 
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The centrifugal force depends on impeller speed as well as on 
the density of air being compressed. An impeller, be it a pump 
or a compressor impeller, will, at a given spe^, generate a certain 
head in feet, no matter what material is handled. For instance, 
a pump supplying a head of 100 ft of water will, at the same speed, 
when handling air, give a head of 100 ft of air. However, the 
pressures in psi will be entire¬ 
ly different because of the dif¬ 
ference between the densities 
of water and air. 

The capacity ran^e is prac¬ 
tically unlimited; ’machines 
have been built to handle vol¬ 
umes as high as 130,000 cfm. 

The operating-speed range 
varies from 3,000 to 10,000 
rpm, which is considerably 
higher than that of most cen¬ 
trifugal pumps. They are 
available in the following 
types: Single-stage, single- or 
double-inlet (Figs. 306 and 

307) ; multistage, single- or 
double-inlet uncooled (Fig. 

308) ; and single-inlet water- 
cooled (Fig. 309). Water 
cooling usually starts at pres¬ 
sures above 35 psi. 

When large volumes of air are to be handled with one- or two- 
stage centrifugal compressors, the diameter of the impellers may 
be unduly great, necessitating a large machine running at rela¬ 
tively slow speed. By dividing the volume between twice as 
many impellers (Fig, 307) their diameter is kept to a minimum 
and the operating speed raised. This raises the efficiency and 
permits using a steam-turbine drive. 

Since these machines rotate at high speeds, the impeller must be 
perfecljy balanced. Any slight unbalance causes vibration 
which may become serious enough to wreck the machine. 
Repeated painting of the impeller may cause unbalance as it is 
impossible to spread the paint evenly* Compressors hand- 



Fig. 306. — Single-stage single-inlet 
blower. 
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ling dirty air may become unbalanced if particles collect on the 
impellers. 

Delivery of air from a centrifugal blower or compressor is 
withotit pulsations and produces no disturbance in piping sys¬ 
tems. Automatic regulation for constant volume, or for con¬ 
stant inlet or delivery pressure, is easily accomplished. Figure 
310 shows a hand-operated discharge valve. Dangerous over¬ 
pressures are impossible. 



Fiq. 309.—Multistage water-cooled unit with balancer seal on last stage impeller. 
{Courtesy of De Laval Steam Turbine Co.) 


These machines are compact and simple, have no internal 
valves, require no internal lubrication, and do not introduce oil 
or grease into the air. Ihe absence of rubbing parts, except 
bearings, keeps repair costs fairly low. 

Application.—Centrifugal compressors have their principal 
application where extremely large volumes of air are required at 
pressures up to 100 psi. Although they have been built for pres¬ 
sures as high as 125 psi, their greatest range of usefulness is in 
the pressure ranges below 100. Figure 311 shows a group of 
25,000 cfm blowers used in copper converter service. 
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For applications where this machine has been adopted and 
where the pressure requirements are constant regardless of size, 
ratings have been standardized. Most manufacturers have a 
regular line of units developed in convenient capacity steps for 
blowing blast furnaces, steel converters, cupolas, and exhausting 
coke ovens. 

Operating Principle.—The operating characteristics of a cen¬ 
trifugal compressor can be explained through a study of Fig. 312. 



Fig 310 —Single-stage blower using a hand-operated discharge valve. {Courtesy 
of Allis-Chalmers Manufacturing Co ) 

Air enters the intake opening and is drawn into the first impeller 
Ai. Centrifugal action of the impeller produces a pressure 
increase as shown by the curve BC, essentially at a high velocity 
as shown by EF, which is then converted into pressure CD in 
the diflfuser Bi and passage Ci. Curve FG shows the drop in 
velocity as energy is converted to pressure CD. The diffuser is a 
stationary passage of gradually increasing cross section which 
surrounds the impeller and in which the kinetic energy of the air 
is converted into pressure as its velocity is reduced. 

If the head or pressure built up by a centrifugal compressor is 
plotted as a function of the delivery volume, curves such as A 
and B of Fig. 313 are obtained. Each curve is for a different 
compressor speed so that we can see what relation speed has to 
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pressure and discharge. Let one unit, when running at speed B, 
deliver a volume F 2 at pressure Pi. Then let the speed be 
increased to a higher value as shown by curve A. The unit at 
this higher speed will then deliver the greater volume Fi against 
the old pressure Pi, or it can deliver the old volume F 2 against 
the higher pressure P 2 . At speed P, if we wish to reduce the 
rate of delivery from F 2 but cannot change the operating speed, 
the total head will have to be increased. If, for instance, the 



Fig. 311.—Four-stage, 26,000 cfm, 18 psi blowers serving copper converters. 
{Courtesy of lugersolURand Co ) 


rate of delivery is reduced from F2 to F3 and the pressure Pi 
maintained, then the pressure P3 must be dissipated by throttling. 

Various relations of the operating factors that govern the 
action of a centrifugal compressor are shown in somewhat exag¬ 
gerated form in Fig. 314. In studying these characteristic 
curves, we see that, although difference in speed affects the pres¬ 
sure and volume output, the shape of the curves is identical. 
Twq different speed curves are shown; as they are similar in shape, 
we will discuss only the lower curve B. At zero air discharge 
the pressure P gradually increases to Pi as the volume increases. 
Increasing the volume still further causes the pressure to fall to 
P2, then to Ps, and finally to zero at maximum discharge. 
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Assume that the compressor discharges through apparatus 
which creates a constant resistance regardless of the rate of flow. 
This constant resistance is represented by the line RP^y while 
friction losses through pipes and valves in the distribution system, 
together with the velocity head, increase with the volume 
handled. Consequently, the total pressure follows a curve such 



as RPi. A pressure-characteristic curve of this compressor con¬ 
sists of that part of curve B between points P and P 2 . Studying 
this part of the curve, we find that if the volume is reduced we 
work back on the curve to point Pi of maximum pressure. Any 
further reduction in output causes a reduction in pressure. The 
section between points Pi and P is the area of unstable operation. 

Between these points the machine no longer delivers a steady flow 
because a reduction in quantity delivered may mean a machine 
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discharge pressure lower than the system pressure, which causes 
air to flow back through the compressor. If air is still being used, 
the system pressure then falls below that at P, the machine 
immediately begins to deliver air, and its operating point jumps 
from P to P 2 . If this volume exceeds requirements, the pressure 
rapidly reaches the maximum Pi and delivery again ceases 
abruptly. This intermittent delivery or surging is accompanied 
by a great deal of noise and occurs along the curve from P 3 to P. 



Long-continued operation below the surging limit Pi heats up 
the compressor. 

An increase in operating speed increases the compressor's dis¬ 
charge pressure over its entire operating range. In other words, 
an increase in speed moves the characteristic curve upward on 
the graph. Also, a decrease in inlet temperature causes the ? 
machine to develop a higher pressure over its entire operating ; 
range. This is because cold air is heavier and therefore denser. 
An increase in the density of the air will always move the charac¬ 
teristic curve upward. 

Performance curves (Fig. 315) show conditions that affect all 
centrifugal compressors. The pressure generated is dependent 
on air temperature because this" temperature is one controlling 
factor of the density or specific gravity of the air. From these 
Curves it is apparent that a machine designed to handle air at a 
given pressure will not maintain the same pressure if it is used to 
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compress some other gas not having the same specific gravity as 
air. For this same reason inlet air to the compressor should 
always be taken from the coolest location in or outside the plant. 
Another interesting feature is the slope of the power-input curve, 
indicating the increase of power required as the volume output 
increases. This introduces the danger of overspeed if the inlet 
becomes obstructed while the unit is operating at full capacity. 
For this reason engine- and turbine-driven unit governors should 
be kept in good operating condition. Overspeed does not gener¬ 
ally occur with motor-driven units because motors operating 



Fig. 314—Operating factors governing the action of a centrifugal machine. 

{Courtesy of Roots-Connersmile Blower Corp.) 

under normal conditions cannot exceed the speed for which they 
are designed. 

As a rule, centrifugal compressors are seldom guaranteed to 
maintain stable operation at less than one-half to one-third load, 
but they can be made to have a flat pressure characteristic that 
gives stable operation back to 15 to 20 per cent of full load. 

The performance of a compressor can best be observed by con¬ 
sidering the curves obtained by plotting the increase in head or 
pressure against the volume of air delivered, usually expressed in 
cfm at inlet conditions. On the same curve the shaft horsepower 
may be plotted against inlet volume (Fig. 316). 

Pince the electric motors used to operate compressors are 
practically always a~c machines, they may be considered as con- 
stant-speed units and only the design speed (indicated at 100 per 
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cent speed on Fig. 317) need be considered. However, steam- 
turbine-driven machines are subject to operation at a great 
variety of speeds, making a flexible application and calling for a 
number of curves, one at each of several different operating 
speeds, to show the complete picture of change of pressure rise 



1000 2000 3000 4-000 5000 6000 

Cu Ft of Free Air per Minute 

Fig. 315.—Effects of air temperature on discharge pressure and power input. 
{Courtesy of Ingersoll-Rand Co.) 

and the resulting change in horsepower when the compressor 
operates at various inlet volumes at each of these several speeds. 

Generalizing, it may be said that, within the limits of com¬ 
pressor design, if it is operated at the peak of its efficiency curve 
(or at any line of constant efficiency) the following relationships 
hold approximately true: 

1. The volume handled varies directly in proportion to the speed. 

2. The pressure rise across the compressor varies with the square of the 
speed. 

3. The shaft horsepower varies with the cube of the speed. 
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Actually, while the first two relationships are quite reasonably 
true over a broad range, the third begins to show up in consider¬ 
able error for high-compression ratios. 

Again referring to the performance curves (Fig. 317), it will 
be observed that for a reduction in flow, down to the minimum 
stable flow, the pressure tends to rise, and conversely, as the flow 
increases, the pressure drops off, provided the unit is operated at 



Inlet Volume Thousand Cfm 

Fig. 316. —Typical characteristic curve of a constant-speed machine. {Courtesy 
of Roots-Connersville Blower Corp.) 

constant speed. This is no accidental occurrence, because the 
drooping characteristic is purposely designed into the compressor 
in order to improve its stability and operating characteristics. 
It is apparent that were this characteristic to rise instead of to 
droop with increase of flow, it would be impossible to control air 
flow by means of valves since an increase in flow would cause an 
increase in pressure, which would further cause another increase 
in flow, and so on in a vicious circle until the driving machine 
would be entirely overloaded. 

With a drooping characteristic, an increase in flow tends to 
lower the discharge pressure, which in turn reduces the flow 
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approximately back to the point held before the fluctuation 
occtirred. While it is possible to operate a blower alone that 
has been designed with very little droop in its pressure curve, it 
is practically impossible to operate two units in parallel without 
a pronounced drooping characteristic (reduction in pressure with 
increased flow) to prevent one machine from hogging all the load. 
The stable characteristics are a direct result of the physical pro¬ 
portioning of the rotor and casing passages. 

When such a compressor suddenly surges the roar may be 
terrific, and many an operator has been surprised, upon first 
hearing it, to find that his machine has come out of a surge 
absolutely undamaged. Actually, this surging is the result of a 
sudden, turbulent reversal of air flow with startling acoustic 
effects. It very seldom causes any mechanical damage. 

Surging occurs when restriction at the blower discharge (or 
inlet) increases, either by closing off a valve or by increasing 
obstruction from the process being served. The point is finally 
reached where the pressure developed by the compressor is insuffi¬ 
cient to force air out the discharge. Flow may again be reestab¬ 
lished by removing the restriction at the discharge (or inlet) or, 
in the case of a variable-speed machine, by speeding it up to 
develop more pressure. 

Mechanical Details. —Impeller wheels are designed according 
to their service requirements as follows: (1) radial-bladed, 
straight blades extending radially; (2) backward-bladed, with 
blades curved away from the direction of rotation; open, without 
an enclosing cover and hub disk; (3) semiclosed, closed on one 
side only; and (4) closed, closed on both sides. Several designs 
are shown in Fig. 318. 

The cutaway view (Fig. 306) shows a shrouded, single-stage 
impeller in a volute casing. This is a typical low-pressure unit 
built to supply air in volumes up to 15,000 cfm at pressures up to 
3 psi. The full-depth diffuser and ample-size volute assure 
maximum conversion of velocity energy to pressure. Leakage is 
kept at a minimum by the labyrinth seal between the casing and 
impeller eye. This is a single-suction impeller which requires 
that the end thrust be taken by properly designed motor bearings. 

The enclosed impeller wheel (Fig. 305) eliminates the necessity 
for close clearance between wheels and casing to prevent leakage 
past the blade edges* Blades are made from tolled, heat-treated 
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chrome-vanadium steel plate cut to rough size and milled out on 
the edges to form rivets. 

The hub disk and cover disk of the impeller are machined from 
single-piece forgings of chrome-vanadium steel, heat-treated to 
give maximum strength consistent with proper ductility. After 
machining, the disks are drilled to receive the blade rivets. 



Fig. 317.—Performance curves for centrifugal compressors at various speeds. 

(Courtesy of Elliott Co.) 

Before assembling, the blades are weighed and those of equal 
weight are placed opposite each other in the impeller. Blades are 
first riveted to the hub disk, after which the cover disk is put in 
position and the riveting completed. 

Shafts are usually made from special hammer-forged, * open- 
hearth steel of high tensile strength and uniform density, ground 
and polished over the entire surface to assure accurate dimensions, 
alignment, and finish. To ensure freedom from vibration, the 
shaft is of relatively large diameter so that its first critical speed 
is above the operating speed. Connection is made to the driver 
fhaft through solid or flexible couplings. 
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Shaft Assembly.—The impeller hubs are fastened to the shaft 
with keys and are separated from one another by shaft-protecting 
sleeves which form one side of the labyrinth seal between the 
casing diaphragm and shaft (Fig. 319). The entire series of 
wheels and sleeves is held against a shaft shoulder by a lock nut 
or locking collar. 



Fig 318—(A) Closed; (B) radial-bladed open; (C) semi-closed, (D) double- 
inlet impeller. {Courtesy of Roots-Connersvtlle Blower Corp, and B, F, Sturtevant 
Co) 

Short-circuit leakage between stages is prevented by labsTinth 
seals such as Fig. 3091). They form a running joint between the 
shaft, impellers, and casing diaphragms. Clearance at the 
seal (Fig. 320) is very small; some seals are actually runin, 
i.e., the protruding seal ring cuts itself a clearance in the soft 
seal metal (Fig. 321). They can easily be damaged if the shaft 
is not held properly centered by the thrust bearing; when this 
happens tliey must be replaced. 
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Pressure or suction at the casing ends determines whether or 
not seals are needed at this point. If the compressor handles gas 
they are required, regardless of the pressure present. Sealing 
glands take various forms, such as. carbon or babbitt rings (Fig. 

322) . Some manufacturers use water as the sealing agent (Fig. 

323) , while others use steam. Some machines carry a movable 
lever-operated bushing which renders the seal gastight when 
the unit is shut down (Fig. 324). A protective device prevents 
damage if the compressor is started before the lever is released. 
Figures 325 and 326 illustrate these hand-operated sealing rings. 



Fig. 319.—Four-stage radial-blade impeller rotor showing labyrinth rings on the 

shaft. 

Axial End Thrust.—All multistage rotors are designed so that 
most of the axial thrust is eliminated. In the* case of single-inlet 
machines this is accomplished by sealing off the discharge pressure 
with one face of the last impeller (Fig. 309C), or a balance piston 
of the correct diameter (Figs. 308 and 324). The seal used for 
this purpose consists of a labyrinth gland. An equalizing passage 
or pipe then keeps the pressure behind the balance disk at or 
near inlet pressure, which eliminates practically all the unbal¬ 
anced rotor thrust (Fig. 324), 

In a double-inlet machine (Fig. 307), the thrust is inherently 
balanced without the aid of a balance piston, because the air 
flows in opposite directions from the two inlets to a common 
outlet. In both single- and double-inlet machines, a thrust 
bearing positions the shaft and absorbs any residual thrust. 

Thrust Bearing.—Most manufacturers use the Kingsbury 
thrust bearing as illustrated in Fip. 327, 328, and 329. Figure 
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330 shows how leveling plates equalize the load on the thrust 
shoes of Fig. 329. 

Since these bearings all operate on the principle of pivoted 
segmental shoes, a study of Figs. 329 and 330 shows how the 


bearing operates. Each shoe covers 
an arc of about 50 deg and is free to 
pivot slightly, permitting the oil film 
between the shoes and the thrust 
collar to assume a natural wedge- 




Fia. 320. —Impeller labyrinth seal. Fig. 321. —Diaphragm laby¬ 

rinth seal. 


shaped form. This film completely separates the shoes from the 
thrust collar; hence there is no wear in normal operation. 

In the back of each shoe is a hardened button, which bears 
against a hardened-steel leveling plate. These leveling plates 
are interlocked as shown in the developed diagram (Fig. 330); 
thus the load is equalized between shoes. 

The leveling plates are mounted in steel base rings, which also 
direct the flow of incoming oil. These rings are split to permit 
radial assembling. The entire bearing is enclosed in a steel cage, 
which likewise is split for radial assembling. This permits the 
bearing to be handled as a unit with the shaft and runner when 
the machine is opened. A split filler piece gives adjustment for 
end play or oil clearance. 

Oil enters both thrust cavities at the back of the base rings 
and flows inward to the shaft; it then flows toward the thrust 
collar and moves outward between the shoes. At the collar rim 
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it is thrown off, as if by the impeller of a centrifugal pump, into 
two circular grooves machined in the cage surrounding the collar. 

At the top there are tangential 
outlets like the discharge from 
a pump. The escaping oil 
runs down an annular dis¬ 
charge passage in the housing 
and returns to the pump. 
Thus churning and loss of pow- 

Fiq. 322. —Shaft labyrinth seal. ... , 

er are minimized. 

Cleaning Precautions.—Take the bearing apart and thoroughly 
clean it before assembling. Remove antirust coatings with 
kerosene. Use rags or cloth, as waste leaves lint which clings 



Pia. 323.—Water-sealed shaft packing. {Courtesy of De Laval Steam Turbine Co.) 

to minute burrs and may cause trouble later. Inspect all bearing 
paints after cleaning and cover with a film of oil. Remove with 
a scraper any bruises on the babbitt faces, and with a fine oilstone 
slight bruises or rust on collar surfaces. Deep rust requires 
refinishing. Never leave file or scraper marks on collar surfaces. 
The thrust collar must be exactly square with the shaft. Remove 
any bruises on the shaft shoulder before assembling. 
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Inspection and Repair. 

1. To inspect the shoes and collar, drain the cage and lift the upper 
halves of the cage and base rings. Remove the shoes by turning the base 
rings. 


Discharge 



Fig. 324.—Hand-operated shaft seal and equalizing line leading to balancing 
disk. {Courtesy of Roots-Connersville Blower Corp.) 


2. Slight damage to the babbitt faces may be corrected by scraping. 
The filler piece, however, must then be shimmed or replaced by a thicker 
one to restore the end play; or, it may be possible to insert a thin one-piece 
shim at the outer end of the bearing cavity. The shoes should be scraped 
to a surface plate and the radial edges slightly rounded. The leveling 
plates will accommodate themselves to inequalities from scraping. Shoes 
seriously damaged should be sent to the manufacturer for repairs. 

3. Scoring of the thrust collar may be corrected by regrinding and smooth 
lapping. The new surfaces must be exactly square with the boi'^. The 
collar is a slip fit on the shaft, and may be drawn by using two tapped 
holes near the bore. 


The thrust bearing in Fig. 327 has six tilting shoes on each 
side of the collar. The shoes are made of steel forgings and the 
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bearing surfaces of high-grade babbitt securely bonded to the 
steel. The shoes have a projection which bears on a groove in 
the base rings. They are retained on the ring by U bolts extend¬ 
ing over lugs projecting from the sides of the shoes. They are 
free to tilt, thus allowing a wedge-shaped oil film to build up 
and be maintained continuously between the shoes and the 
thrust collar. Shoes are prevented from rotating by the end 
plate on the upper half, which projects past the circular bore 
retaining the base rings into a slot in the bearing housing. 

1“ Wa+er seal sleeve 4- Wafer seal bushing 
2“ Threaded sleeve 5" Lever 

3" Shoulder bolt 6" Sealing ring 

7- Sealing ring 



Fig. 325,—Water seal and hand-operated sealing rings, {Courtesy of Allis- 
Chalmers Manufacturing Co.) 

These shoes cannot be replaced individually because if a new 
shoe were to be installed, the remaining ones, being worn, would 
not touch the thrust collar. Therefore, the shoes must be 
replaced in sets of six on the same side of the thrust collar. 

Axial clearances are maintained by removing or adding shims 
between the base rings and end plates on both sides of the thrust 
bearing. When making adjustments, take care that the same 
shim thickness is added or removed from the upper and lower 
halves of the thrust bearing. 

Jojumal Bearings. —Most journal bearings are of the conven¬ 
tional sleeve design, made of cast-iron or cast-steel shells, to 
which a high-grade hard babbitt is securely bonded. The 
bearings are split on the horizontal center line and the two halves 
are positioned, one half relative to the other, by an accurately 
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machined joint and dowel pins. They are accurately bored to 
close tolerances. 

Bearings are usually designed for pressure lubrication, the oil 
under pressure entering the bearing through a drilled hole. 
They are held in an axial position by a close-fitting tongue-and- 
groove joint. The radial position of the bearing, which locates 
the rotor radially, is adjusted by shims placed under the bearing 
pads. Oil guards provided where the journal emerges from the 



Fig. 326.—Combination running and hand-operated stationary seal. {Courtesy 
of RootS'-ConnersvUle Blower Corp.) 

bearing prevent oil from creeping along the shaft and prevent air 
from entering the bearing housing. Figure 331 shows a sche¬ 
matic lubricating system for a turbine-driven compressor. 

Bearing temperatures are governed largely by the type of oil 
used and other operating conditions, as well as by the compressor 
speed. A fair operating temperature is from 140 to 180 F for 
the oil leaving the bearings. When the compressor is driven by 
a steam turbine, or if it is provided with steam seals, there is the 
possibility of water’s getting into the oil. Since with most turbine 
oils w$,ter remains in suspension at temperatures below approxi¬ 
mately 130 F, the temperature of oil in the reservoir should be 
held to a minimum of 130 F, 
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Referring to the schematic oil-piping diagram (Fig. 332), the 
main oil pump takes oil from the tank and discharges it through 
the cooler. A relief valve 2 spills any excess oil back to the 
tank. After flowing through the cooler the oil enters the bearing 
supply lines which are fitted with metering plugs 4 to control 
the supply to the bearings. 

When starting the unit for the first time, and also after long 
periods of shutdown, vent the system by opening both cocks 8 
on the main pump before starting the auxiliary oil pump. If 
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Fig. 327.—Thrust-bearing assembly with developed section showmg absence of 

load equalizer. 


necessary, prime the suction line of the main pump by removing 
the vent cock on the suction side and pouring oil into the line. 
Inspect and clean the strainers 3 at frequent intervals. 

Lubricating-oil Recommendations.—The importance of using 
the highest grade oil for lubricating centrifugal machines cannot 
be too strongly emphasized. Although the first cost of the best 
oil may be considerably greater than that of an inferior product, 
the additional cost is more than compensated for by longer 
service, less danger of damage to bearing surfaces, and elimina¬ 
tion of serious shutdowns. 

Consult with representatives of reliable refiners regarding their 
lubricating oils and insist that the oil purchased be suitable for 
the purpose intended. 
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Here are the basic requirements of a good oil, as recommended 
by one manufacturer. 

1. Properly refined, highly filtered pure mineral oil, free from acid, alkali, 
water, sediment, soap, resins, or any substance which in service will prove 
injurious to the oil or to the parts coming in contact with it. 

2. Best possible capacity to separate rapidly from water and least 
tendency to emulsify or foam when agitated with air or water. 



Fig. 328.—Combined sleeve and thrust-bearing assembly. {Courtesy of Allis- 
Chalmers ManufoLCturiug Co.) 

3. Least tendency to break down or form sludge when agitated at normal 
operating temperature and mixed with air or water. 

4. Reasonably high flash and fire points, bearing in mind the probable 
operating temperatures and unavoidable proximity to high-temperature 
steam surfaces in a turbine-driven unit. 

6. Viscosity and viscosity index (relationship between viscosity and 
temperature changes) suitable to the service intended. 


Viscosity (SSU) at 100 F. 140 to 170 

Viscosity (SSU) at 210 F. 42 to 44 

Minimum operating oil-tank temperature. 130 F 

Minipium oil temperature before starting. 50 F 

Normal bearing temperature...... 140 to 180 F 
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Maintain the oil in first-class condition at all times. This 
involves the elimination of moisture, dirt, sludge, and other 
impurities. To accomplish this, filter the oil or run it through a 
centrifuge at regular frequent intervals; the continuous by-pass 
purifying system may also be used. 

The oil reservoir, bearing housings, and piping should be 
thoroughly cleaned when the machine is shut down for inspec¬ 
tion. In case of heavy sludging, accumulations may block off 


I Shoe. 

Lower \ 

ievehng -j— 


Prov/c/e^0.0/2- 0002for/o/a!endp/ay 

1 


p/a/e 
Co//ar— -T-”---- 


f 


S/raff 


Sea/ r/ng—^\^^ 


Upper 

/eve/mg - Y 

plaie I ^ 


Resfric/ion -1— 4^ 
plug 



-j-— {-'Shoe 




I— ResiricHon 
plug 


Od in/eK '—* 

Fig. 329.—Seven-inch double-equalizing six-shoe thrust bearing. 

Kingahury Machine Works, Inc,) 


{Courtesy of 


the oil passages in the bearings and cause serious trouble. When 
cleaning, use kerosene or a safety solvent made expressly for this 
purpose. After cleaning, remove the residual kerosene or 
solvent by wiping dry with clean lint-free rags. 

Load Control. —Centrifugal compressors adapt themselves 
readily to automatic regulation. This may take the form of 
constant volume, constant discharge-pressure, or constant suc¬ 
tion-pressure regulation, depending upon the service involved. 
The most economical method of accomplishing automatic 
regulation with steam-turbine-driven machines is by means of 
speed variations, in which case the special regulator actuates the 
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turbine-speed governor. Figure 333 shows the relation between 
output and speed on a variable-speed turbine-driven three-stage 
centrifugal exhauster handling coke-oven gas. Steam consump¬ 
tion is also plotted against output. 

Partly closing the intake lowers the discharge pressure, since 
the pressure ratio of the compressor is fixed. This moves the 
operating point back on the characteristic curve to give reduced 
volume. Throttling the intake also lowers the pumping or surg¬ 
ing point. 

When the speed cannot be varied on motor-driven compressors, 
a master regulator (Fig. 334) can be made to actuate a suction 



Fig. 330.—Development of equalizing thrust bearing showing leveling plates. 


throttle valve or prerotation vanes. With variable-speed drives, 
the regulator can control the oil flow to a hydraulic coupling or 
secondary resistance of a wound-rotor motor. The choice of 
regulation most suitable for motor-driven units depends largely 
on the service for which the machine is intended. The motor-' 
control system (Fig. 335) consists of automatically adjusted 
prerotation vanes, a blowoff valve, and a check valve. Prerota¬ 
tion or movable vanes installed near each stage intake (Figs. 
336 and 337) change the direction of air flow to the impeller, 
which reduces the pressure rise through that stage. 

When two or more centrifugal compressors operate in parallel, 
a check valve must be placed in the discharge line to prevent air 
under pressure from backing up into the blower and causing it to 
nin in reverse direction. This is also necessary when the unit 
furnishes air to a large pipe line; a sudden slowing down of the 
compressor allows the air to back up into the machine. 

In order to prevent pumping at low loads, a valve A can be 
installed in the discharge line (Fig. 338), which wastes air to 
the atmosphere when the volume falls below the pumping limit, 
tbui? keeping the compressor operating in its stable range. The 
valve opemtes by oil pressure which moves a piston against a 
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springy the oil pressure being varied by a governor connected to 
the air lines. 

The simplest method of controlling flow from a compressor, 
when operating at constant speed, is to use a hand valve in the 
discharge (Fig. 310). Opening the valve increases air flow up 
to design capacity, and closing it conversely decreases the flow 
down to the point of instability. The regulating valve may be 
placed in the blower inlet with similar results. 

On turbine-driven units, the flow or discharge pressure may 
be controlled by regulating steam admission to the turbine to 
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vary the speed (Fig. 339). For example, if a turbine-driven 
compressor serves a chemical process which requires, at the 
moment, 70 per cent of the design air flow, and if the pressure 
required to force this amount through the process is 86.6 per cent 
of the design pressure, then it may be seen from the pressure 
curve (Fig. 317) that a speed 90 per cent of normal will be 
reqiiired. It can further be determined from the power curves 
that, at 90 per cent of normal speed and 70 per cent flow, the 
shaft horsepower will be 61 per cent of that required to operate 
the machine under design conditions. 

The constant-speed governor (Fig. 340) is of the oil-relay type. 
The impulse for speed regulation is oil pressure produced by the 
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governor oil impeller located on the main rotor shaft. Pressure 
produced is a function of the speed. Thus, the governor is a 
regulator that holds substantially constant oil pressure, and in 
turn, constant speed. 

The impulse from the governor oil impeller is applied to a 
bellows in oil-relay chamber 8. Force developed by the bellows 
is balanced by tension spring 80. When this force balance is dis¬ 
turbed by a slight speed change, movement of the bellows is 
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Fig. 332.—Schematic oil system showing use of metering plugs. {Courtesy of 
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transmitted through linkages to the pilot valve 56. Oil at about 
25 psi gage pressure from the main pressure header feeds point 4, 
external oil pressure inlet, located between the pilot-valve ports. 
When the pilot valve moves from its central position, oil is 
adipitted to one side of power piston 7, and at the same time oil is 
drained from the opposite side through a drain. This move¬ 
ment of the piston rod is transmitted through linkage to governor 
valve 81. Moving the pilot valve in one direction causes piston 
movement in the opposite direction, which brings the pilot valve 
back to its central position. 
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A damping action to prevent hunting is provided by an 
external dashpot. Adjustment of the dashpot is provided in 
by-pass valve 61, the tapered opening in the lower end regulating 
the passage of oil across dashpot piston 63. Screwing down on 
this by-pass valve decreases the govemor^s speed of response and 
increases its stability; the opposite effect is gained by screwing 
upward. 

Manual adjustment for the speed to be maintained is provided 
by changing tension in spring 80. An increase in spring tension 
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increases the speed by requiring a higher oil pressure to balance 
its force; the opposite is true for a decrease in tension. 

Normally, the unit’s speed is under control of pressure (or 
volume) regulator 90. This is accomplished by the linkage 
through which the regulator positions the governor valve. How¬ 
ever, if the speed increases to that which the governor has been 
set to hold, it will limit the speed to this value regardless of the 
regulator’s action. 

Soft packing is provided at the upper end of the pilot valve, 
and molded packing at both ends of the power piston and throt¬ 
tle valve. Do not tighten these glands, particularly on the pilot 
valve, any more than is necessary to prevent oil leakage, since 
excessive pressure causes friction and results in faulty governor 
operation. 

The constant-speed governor (Fig. 341) permits a speed vari¬ 
ation of 10 to 20 per cent. It incorporates a hand speed changer 
that permits changing the speed setting while the unit is runiiing. 
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The overspeed trip (Fig. 342) mounts on the unit. The oil- 
pressure line from the governor oil pump to the oil-relay cham¬ 
ber of the constant-speed governor (Fig. 340) contains a tee, 
from which a line connects to point A on the overspeed trip. 
Point B is jointly connected to the diaphragm of the trip and 
throttle valve and the bearing oil-pressure header through a line 
containing a small orifice. Point C is a drain connection to the 
oil reservoir. 

When the oil pressure developed by the governor impeller 
reaches a value corresponding to the tripping speed, valve 5 is 



Fia 334 —Regulator that controls suction-valve prerotation vanes, hydrauhc 
coupling, or motor resistance. 

moved from its seat. When valve 5 opens, oil pressure on the 
diaphragm of the trip and throttle valve is released, thereby 
closing the trip and throttle valve and shutting down the unit. 

The tripping speed can be changed by placing or removing 
spacers beneath spring 12, or by substituting a stronger or weaker 
spring. The unit can be tripped manually by pressing ddwn on 
the push button mounted on top of the overspeed-trip body. It 
is good practice to trip in this manner, rather than by closing the 
throttle valve by hand whenever the unit is to be shut down. 
Figure 343 illustrates a mechanical overspeed trip that mounts 
adjacent to the compressor shaft. Overspeed and its attendant 
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increase in centrifugal force throw out the plunger, release the 
trigger, and shut down the unit. 

An exhauster control (Fig. 344) regulates speed to maintain 
constant suction. It comprises a small reversing motor con¬ 
trolled by suction, which operates a regulating valve in the oil line 
leading to the sylphon bellows of the variable-speed governor. 
Oil pressure on the bellows depends upon the amount of oil 
allowed to flow through the regulating valve by the exhauster 



Fig. 335.—Piping control for prorotation vanes, blowoff valve, and check valve, 
{Courtesy of AUia-Chalmers Manufacturing Co.) 

control. The position of the bellows in turn controls the oil- 
relay position which actuates the turbine-governor valve. The 
mechanical flyball-speed governor driven from the turbine shaft 
is so arranged that it will not influence the oil-relay position 
until the speed reaches a maximum allowable value. At that 
speed the governor nullifies any attempt of the exhauster con¬ 
trol to increase speed. 

The gear oil pump discharges into a header, one branch of 
which goes to the oil cooler and the bearings and another to the 
relay cylinder. A third path is through an adjustable orifice into 
the chamber surrounding the sylphon bellows. Oil pressure 
on the bellows is regulated by the valve under control of the 
exhauster control. An increase in suction causes the control to 
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reduce its valve opening, and a decrease in suction tends to 
increase its opening. 

When speeding up the turbine, the sylphon raises the left-hand 
end of lever Li. If the speed exceeds normal, the centrifugal 
governor comes into action and raises the right-hand end of this 
lever. In doing so it moves the le.t-hand end downward and 
tends to close the throttle valve and offset any tendency of the 



Fig. 336.—Prerotation-vane-operatmg mechanism on multistage machine. 

{Courtesy of Allis-Chalmers Manufacturing Co.) 

exhauster control to raise the turbine speed above normal. 
Opening and closing the hand-control valve on the sylphon cham¬ 
ber has the same effect as opening or closing the exhauster- 
control valve. 

Cooling Arrangements.—The amount of heat to be dissi¬ 
pated is considerably more than that due to adiabatic com¬ 
pression, as thp mechanical energy lost to internal air leakage, 
unavoidable eddy currents, air impact, and air friction reappears 
as heat energy stored mostly in the air itself. Heat is also 
generated through the air's opposition to rotor motion. 

Internal water-cooling passages cast in the compressor casing 
have extensions down inside the diaphragms (Fig. 309 E) and are 
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fitted with suitable cleanout plugs for flushing purposes. For 
high compressions the air is cooled by passing it through inter¬ 
coolers. In this arrangement the air discharges from a series of 
stages through the intercooler and back into another series of 
stages of the compressor. The work diagram (Fig. 345) shows 
the power saved. Aftercoolers can be used to remove the 
remaining heat of compression before the air discharges into the 
distribution system. 



Fig. 337.—Prerotation-vane arrangement on single-stage blower. {Courtesy of 
Allis-Ckalmers Manufacturing Co.) 

Installation.—Erect the compressor in accordance with founda¬ 
tion and general-arrangement plans furnished by the manufac¬ 
turer. The unit must be carefully leveled, with steel wedges 
and shims placed under the base near each foundation bolt. 
Machined surfaces on top of the base or pipe flanges serve for 
leveling pads. It is always advisable to check shaft alignment 
during bedplate leveling so that any warping in the latter will 
be discovered before grouting is done. When the bedplate is 
properly leveled and shaft alignment checked completely, fill 
the bedplate with grout. (Grouting procedure is discussed in 
Chap. VI.) 

The shaft alignment should be checked after the grout is set 
and again after the machine has a preliminary run and reaches 
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operating temperature. Even though the compressor employs 
a flexible coupling, use the same care in aligning it as though it 
were a solid coupling. 

The sleeve A should be slipped over the shaft end before hub B 
is forced on and keyed. Keys for this coupling must fit on their 
sides for the entire length of the hub; they must not bear on top 
or bottom or project beyond the hub ends. The hubs must be 



^-Oil lines to po\^er cylinder 


Fig. 338.—Automatic blowoff system prevents surging at low loads. {Couries'tf 
of Allia-Chalmers Manufacturing Co.) 


separated by the dimension found stamped on their alignment 
faces. 

Then line up the two shafts with a straightedge and thickness 
gage as shown in Fig. 346, meanwhile rotating each shaft to a 
new 90-deg position. If the coupling is oil-lubricated, put a good 
gasket between the coupling sleeves, bolt them together, and add 
the required amount of oil. When pillow dowels (Fig. 347) are 
to be inserted under the compressor and turbine casing follow the 
manufacturer's instructions carefully when drilling and fitting 
the holding-down bolt shims. 

Piping connected to the turbine and compressor must be 
arranged and supported so that it imposes no strain on the 
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respective casings. Provide adequate means for piping expan¬ 
sion (Fig. 348). Clean and inspect all lines before making the 
final connection. This is important because any tools or foreign 
matter left in the pipes will cause serious damage to the com¬ 
pressor or turbine. 

When several machines are connected in parallel to one main, 
it is essential that an atmospheric by-pass and a reliable non- 
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Fig 339.—Complete control system mounted on turbine-dnven compressor 


return valve be placed in the discharge line. Operation of the 
nonretu^;n valve should be checked occasionally, because if it 
fails to close properly, reverse flow will turn the rotor in a reverse 
direction, with possible damage to the bearings. 

Reverse rotation, while not injurious to certain types of thrust 
bearings, can cause damage from lack of lubrication if the main 
oil pump operates in only one direction. The normal direction 
of rotation marked on the casing serves to check the revolving 
shaft before bringing the machine to full speed. Auxiliary oil 
pumps, sometimes used during the starting and stopping interval, 
should be controlled by oil pressure from the main pump so that 
they start immediately on failure of the main oil supply. 
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Initial Starting.—In preparation for the initial start, check 
impeller clearances at the points designated on Fig. 347 or those 
marked on the manufacturer’s drawings. When taking these 
measurements, push the rotor hard against the thrust bearing in 
first one direction and then the other. Always allow an addi¬ 
tional several thousandths of an inch clearance in the direction of 
maximum thrust for springing of the thrust bearing. 

Make certain that the lubricating system is functioning prop¬ 
erly and circulate oil through the bearings for several hours. 
Then remove the bearing caps and see that no foreign matter has 
been deposited in the bearings. 

Break the coupling and check the rotation of the driving unit. 
This prevents any possible damage to the compressor because of 
reverse operation. Close the coupling and fill it with the recom¬ 
mended grade of oil. Holding a white sheet of paper near the 
coupling during operation will reveal leakage. If this precau¬ 
tion is not observed, lubricant may leak out and the coupling 
parts will wear seriously. 

The auxiliary oil pump is usually provided with an automatic 
pressure switch that stops it when the main pump builds up 
sufficient pressure. Sometimes a flow switch connected in the 
main-oil-pump discharge controls the auxiliary pump. A relief 
valve on the bearing oil line discharges into the oil reservoir. 

Check the operation of the auxiliary oil pump and see that it 
goes in and out of operation at the proper oil pressure. Under 
no condition should the auxiliary-pump motor-starting switch 
be thrown off while the main unit is turning over. Leave the 
starting switch on automatic to provide protection against oil 
failure while the unit is in operation. 

Start the unit with closed intake, but do not run it this way 
very long unless a close watch is maintained on the casing tem¬ 
perature. A centrifugal compressor should start discharging 
after reaching full speed and before it gets hot or it will not 
develop rated discharge pressure. After becoming heated the 
machine must be shut down and cooled before it can be put in 
service. 

The temperature of all bearings should be observed until they 
become constant. Normal temperature varies from 130 to 160 F, 
depending on cooling-water and room temperature. Oil leaving 
the bearings should never exeeed 175 F, OH temperature can 
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be controlled by regulating the quantity of water going to the oil 
cooler. Grease-filled roller bearings should not exceed a tem¬ 
perature of 130 F. 

If there is any noticeable vibration at full speed, shut the unit 
down at once and determine the cause. Among the more com¬ 
mon causes of vibration are contact between the rotor and 
labyrinth packing ring, misalignment, improper bearing clear¬ 
ances, or rotor unbalance. A rotor vibrates approximately in 
proportion to the amount of unbalance. Since rotors are bal¬ 
anced both statically and dynamically and tested at full speed 
before shipment, trouble from this source is rarely experienced. 
It is possible, however, to destroy rotor balance by mishandling, 
deposits of foreign material, or uneven erosion of the impellers. 
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10 per cent above rated speed. Bring the unit up to tripping 
speed by throttling the compressor inlet or discharge. If it does 
not trip at normal tripping speed, shut down and readjust the 
overspeed-trip mechanism. Repeat this procedure until the 



proper adjustment is obtained. The compressor sho\ild never 
operate at speeds in excess of the tripping speed designated by 
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the manufacturer. Compressors equipped with movable inlet 
vanes should have these vanes in their wide-open position during 
the overspeed test. 

To prevent possible overloading of an electric motor, do not 
operate it with the compressor discharge open to atmosphere or 
with a piping system in which the normal pressure differential 



Fig. 343.—Mechanical ovcrspeed trip mounted adjacent to blower shaft. (Cowr- 
tesy of B. F. Sturtcvaiit Co,) 

builds up very slowly. In such cases, throttle the inlet so as to 
limit the motor input to its normal value. No such precautions 
are necessary with a turbine-driven machine, as an overload 
merely reduces the turbine speed. 

The operating speed of a turbine-driven compressor should be 
checked at the initial start-up, and periodically thereafter. A 
vibratipg-reed tachometer may be used for speed measurement, 
if a direct-driven tachometer is not furnished with the unit. It 
is advisable to check the overspeed governor lA regular intervals. 



348 


AIR COMPRESSORS 


This can be done conveniently at the time of a shutdown, by 
closing a blower inlet or discharge valve, at the same time holding 
the turbine governor valve open. If the overspeed governor fails 
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to operate at about 10 per cent above maximum operating speed, 
it should be-inspected and the condition corrected. 

Routine Operation^—The various operations required to put a 
centrifugal opmpre^spr gu the line in parallel with other units 
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cannot be fulh^ understood without some knowledge of the 
machine's characteristics. 

Assume that the compressor operates at constant speed and its 
capacity must be reduced by throttling the discharge valve from 
normal to approximately 35 to 40 per cent of normal. Discharge 
pressure will then increase from 8 to 10 per c-ent. If the capacity 
is reduced further, the flow will become intermittent. Unless 
a check valve is used, the flow actually reverses intermittently 
and creates violent surges. If the discharge valve is completely 



necessary amount is put in 

Fig. 346.—Aligning a flexible coupling with straightedge and feeler gage. 

closed, the pulsations become less violent but of higher frequency 
and the pressure may drop as much as 15 to 20 per cent of the 
peak pressure at 35 to 40 per cent capacity. 

From this it is apparent that if two units operate in parallel 
and the air demand is reduced, one of them will break down and 
the other will take the load. Moreover, the one forced off the 
line will not be able to open its check valve because of the drop 
in pressure at shutoff mentioned above. 

It is obvious that, to parallel a centrifugal compressor with 
other units, it is necessary either to drop the line pressure by 
throttling the intake of the unit on the line or to by-pass suflScient 
air to bring the incoming unites capacity to its stable operating 
range. To do this bring the unit up to speed as described under 
starting wth the intake valve closed. The blowoff valve will 
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automatically open because the check valve is held closed. Open 
the discharge valve (the check valve will prevent backflow) and 
open the intake valve until the desired pressure or capacity is 
obtained. The check valve automatically opens and the blowoff 
valve automatically closes if the demand for air is suflhcient. 

If demand drops below the compressor's stable range, the 
blowoff valve automatically opens and prevents backflow or 
surging. The opening of the blowoff valve is adjustable to 
permit a flow of air equal to or slightly greater than the minimum 
stable capacity of the compressor. When the demand for air 
increases, the blowoff automatically closes in response to the 
opening of the check valve. 

Since every operation of load control is performed auto¬ 
matically, the compressor requires very little attention. An 
occasional check on the temperature, pressure, and quantity of 
lubricating oil going to the bearings and the quantity of cooling 
water is all that is required. 

Before stopping the compressor, transfer the load to other 
units. Do this by reducing the capacity to a point where the 
blowoff valve opens and the check valve closes. As soon as the 
check valve closes, the unit can be shut down. The discharge 
valve should then be closed, as there is always the possibility of a 
slight feedback through the check valve. As the unit slows 
down, the automatic control maintains pressure on the lubricat¬ 
ing system by starting the auxiliary oil pump. Do not stop this 
pump until the main unit has come to a dead stop. 

Maintenance.—Dismantle the compressor once a year, inspect 
the bearings, and clean the entire lubricating-oil system. Remove 
grease-packed bearings, clean out the old lubricant, and replenish 
with new. Do not fill the bearing cavity more than half full 
because too much grease causes the bearing to run unusually 
warm. One manufacturer recommends a grease of a relatively 
high melting point, compounded with a soda base and free from 
harmful ingredients or solid fillers. Excessive temperatures in 
grease-filled bearings can be caused by (1) insufficient grease, (2) 
too much grease, or (3) a defective bearing. 

Take the rotor out, scrape off or dissolve all caked dust or other 
deposits on the impeller, and wipe the casing. When cleaning 
the impeller, inspect it closely for eroded or corroded areas and 
small individual deposits of foreign matter. A small deposit 
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causes air swirls and eddies which in turn precipitate additional 
material on the deposit. (When removing the upper half of the 
casing, use long guide studs to prevent damage to impellers and 
seals.) 

Inspect the labyrinth packing; if any sections have rubbed the 
shaft or impellers, scrape the seal to give proper running clear- 



I iG 348.—Flexible sleeves prevent piping strains on blower casing. (Courtesy 
of Alhs-Chalmers Manufacturing Co.) 


ance. Before scraping, consult the manufacturer's instructions, 
as some seals using cast-iron rings in babbitt recesses require a 
running fit. To reduce air slippage, replace seals showing serious 
wear and excessive clearance. Seals with twice the initial clear¬ 
ance do not produce a noticeable reduction in Output. 

Shaft level and alignment sometimes change because of bearing 
wear; this, as well as end play, must be corrected immediately to 
prevent serioue damage. The thrust bearing restrains unbal- 
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anced end thrust, keeping the rotor centered so that excessive 
end play does not damage labyrinth seals. 

Should an impeller become unbalanced for any reason, consult 
the manufacturer before attempting to do any welding or add or 
remove any weight from it. 


Sealing sinp 
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Fig. 349.—Mechanical details of a single-stage motor-driven blower. 


When dismantling a motor-driven single-stage compressor 
having its impeller wheel mounted on the extended motor shaft 
(Fig. 349), proceed as follows: 

1. Remove the blower inlet nozzle. 

2. Remove jthe lock nut and lock washer from the end of the shaft. 

3. Pull the impeller from the shaft with a pulling rig (Fig. 350). (The 
impeller usually has a taper bore to facilitate removal.) If the impeller is 
made of aluminum, do not heat it with a torch, because the heat is too 
intense; use steam instead. 

4. Remove the inside flmger. 

5. Remove the bolts from the bearing-housing cover. 

6. Remove the bearing housing. 

If it is necessary to remove the blower end bearing, continue as 
follows: 

























354 


AIR COMPRESSORS 


7. Loosen the setscrews in the outside flingor and slide the flinger back on 
the shaft. 

8. Unfasten the grease fittings from the bearing-housing cover and slide 



Fig. 360.—Pulling impeller from 
shaft. 


bear against the inside flinger when 
Bend one prong of the lock washer o 


it back on the shaft. 

9. When pulling a bearing off the 
shaft, insert a shim (6) between the 
bearing and puller (Fig. 351), so that 
force will be applied only to the inner 
race. 

When reassembling, reverse 
the procedure outlined for dis¬ 
mantling, observing the follow¬ 
ing precautions: 

1. Heat the bearing in oil to 250 F 
before sliding it on the shaft. 

2. Pack ihe bearings with grease. 

3. When replacing the bearing hous¬ 
ing, be sure to bend over the lock 
washer’s prongs. 

4. Leave approximately 0.030-in. 
clearance between the outside flinger 
and the bearing-housing cover. 

5. Press the impeller to place; do 
not sledge it home, because this may 
damage the shaft and ball bearings. 
The backplate of the impeller should 
the impeller is in its proper position. 
iTer so that the nut will not turn off. 



Fig. 351.—Use shim between horseshoe and inner bearing race to prevent strain 
• on outer race. 


6. Be extremely careful to use gaskets having the same thickness as 
those that were removed. This is important, because the clearance 
between the impeller and inlet nozzle is small. 


CHAPTER XI 


AXIAL-FLOW COMPRESSORS 


Early History. —The axial compressor was first applied com¬ 
mercially in England early in this century to blow blast furnaces 
and boost gas pressures. It was soon superseded by the centrif¬ 
ugal compressor, which had higher efficiencies and more favor¬ 
able operating characteristics that made it better suited for 
general applications. 

About 1930, interest was revived in the axial-flow compressor 
by Brown, Boveri in an endeavor to find a less expensive and 
more efficient supercharging set for the Velox boiler (Fig. 352). 
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Fig, 352.—Velox steam generator supplied by axial compressor. {Courtesy 

of Power.) 


In this boiler, the combustion chamber is supercharged, the 
supercharging compressor being driven by a turbine operated by 
exhaust gas from the boiler. Increased knowledge of air flow 
obtained from aerodynamic experiments has resulted in bring¬ 
ing the axial compressor to a high state of perfection. 

Application. —Operating at high speeds with multistaging, the 
axial-flow machine supplies large volumes of air up to 60 psi in a 
steady stream free from pulsations. This makes it particularly 
suitable for supercharging the Velox boiler and producing high- 
velocity air flow in wind tunnels. Although •axial compressors 
can be driven by steam turbines, their main application will 
probably remain in those fields where they can be driven by con- 
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tinuous-combustion gas turbines. At present this field lies 
mainly in the chemical processes—particularly the catalytic 
cracking of oil. In all such supercharging processes, the energy 
for compression comes largely from the process itself (Fig. 353) 
by utilizing the exhaust gas in a turbine. 

When the energy available in the exhaust gas is greater than 
that needed to drive the compressor, excess energy can supply 
electric-power needs. Obviously, the less power required for 
compression, the greater the amount available for other purposes. 
Compressor efficiency is, therefore, an important item. Figure 
354 shows the present adiabatic efficiencies of multistage axial 
and centrifugal compressors operating under the same conditions 
of 60 psi. 
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Fig. 353.—Axial compressor furnishes air for process. 




Operating Characteristics. —^Like the centrifugal compressor, 
this machine requires no internal lubrication and does not build 
up dangerous pressures. One disadvantage of the axial com¬ 
pressor is its inherently high pumping limit. Figure 355 shows 
the comparative characteristics of centrifugal and axial machines. 
While the centrifugal compressor can operate at full speed 
down to 50 per cent volume stably, the axial machine begins to 
surge at approximately 80 per cent volume. 

This characteristic prevents its application in many commercial 
services where load changes are considerable. This is not a 
serious fault in supercharging applications where it operates 
continuously at full capacity. For supercharging service it 
offers these advantages: 

1. Compresses large volumes of air to 60 psi with high efficiency, 

2. Requires no water cooling. 

3. Operates at high speed and is therefore small and inexpensive. 
High speed permits a reduction in the dimensions and weight of the driving 
turbine. 
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4. Does not build up dangerous pressures. 

5. Delivers air in a steady stream free from pulsations. 

6. Requires no internal lubrication, and so delivers oil-free air. 

Compressor Construction Details.—^The axial compressor 
resembles a reaction steam turbine where each stage consists of 
a row of moving and a row of stationary blades. The rotor con¬ 
sists of a hollow steel forging, the moving blades being set in 
grooves in the drum. Stationary blades fit in grooves in the 
casing. Blade shape (borrowed from aviation practice) makes 
possible the high efficiencies obtained. The rotor turns in 
pressure-lubricated bearings, and, when coupled to a gas turbine, 
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Fig. 354. —Comparative efficiencies of centrifugal and axial compressor working 
under similar conditions. {CourteBy of AUia-Chalmers Manufacturing Co.) 


axial thrusts oppose each other (Fig. 356). Figure 357 shows a 
cross section of a 20-stage, 40,000 cfm, 45 psi machine. 

A cast-iron cylinder, split horizontally, has the inlet and outlet 
openings directed vertically upward and cast together with the 
upper half. The casing has 22 rows of stationary guide vanes 
which are calked in place and held in grooves, following general 
steam-turbine practice. 

The forged-steel spindle consists of two parts—a drum with one 
shaft end, and a shaft end having a hollow cylinder for the rotor 
proper. The hollow cylinder, shrunk onto the drum and locked, 
is grooved to receive the rotor blading, which is wedged and 
calked in place (Fig. 358) similar to the cylinder blading. Laby¬ 
rinth sealing strips are provided where the shaft emerges from 
the casing. 
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The spindle rides in roller bearings that have more internal 
clearance between the rollers and races than standard bearings. 
The inner races have been given a stabilized heat treatment to 
prevent growth. 

Each bearing consists of either a single, or two duplicate roller 
bearings, as required to carry the load. The inner race has a 
shrink fit on the shaft and is locked against a shoulder by a lock 
nut. The outer race mounts in a spring ring which fits in a 
groove in the low-pressure end bearing cover. On some com¬ 
pressors, where two duplicate bearings are used, the spring rings 
are mounted in a bearing retaining ring, which separates the two 
bearings. A Kingsbury thrust bearing holds the compressor 
spindle axially in its casing. 

Gas-turbine Construction.—The gas turbine is of the straight 
reaction type with rows of stainless-steel stationary and moving 
blades (Fig. 359). The turbine casing is made of molybdenum 
cast steel and is split at the horizontal center line. Both inlet 
and outlet nozzles are located in a vertical plane, the inlet nozzle 
being cast in one piece with the upper cylinder half and the gas- 
exhaust nozzle being cast in one piece with the lower half. A 
by-pass safety valve connects the inlet and exhaust passages. 

The turbine spindle consists of a solid chrome-nickel-steel forg¬ 
ing. Five serrated grooves hold the stainless-steel blades. 
Labyrinth glands are provided where the spindle ends pass 
through the casing. Sealing air is taken from the compressor 
exhaust and injected at a suitable point along the labyrinth to 
prevent gas from leaking to atmosphere. Separate valves are 
provided in the sealing lines to both glands. 

The outer races of the turbine bearings fit in spring rings of a 
special alloy' steel mounted in grooves machined in the turbine 
bearing covers. The spring rings aid in aligning the bearings 
and allow for radial expansion. The inner races are pressed on 
the shaft sleeves and are locked by retaining rings. 

A rigid coupling connects the compressor and turbine shafts. 
Coupling faces are accurately ground and the two halves fasten 
together with fitted bolts, A continuous lubricated flexible 
coupling connects the compressor and speed-reducing gear, 
which connects to a generator and starting machine. Each half 
is keyed, pressed, and locked on a shaft extension. Lubrication 
is furnished through a supply line from the compressor bearing 
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supply. Another flexible coupling connects the low-speed gear 
shaft with the power-recovery unit. The center section may be 
removed without disturbing the coupling halves. 

Complete Unit.—The complete unit (Fig. 360) consists of an 
axial compressor direct-connected to a gas turbine at one end and 
coupled to the high-speed shaft of a reduction gear at the other 
end. A starting turbine or motor is connected to the low-speed 
shaft of the gear, and on some 
units a generator is connected 
to the same shaft between the 
gear and the starting unit. 

The unit mounts on a base 
plate with the compressor and 
turbine arranged so that the 
cold end of each machine is 
fixed and the other end is free 
to expand under the influence 
of heat. 

Beginning from the out¬ 
board end of the turbine, the 
bearings are numbered 1, 2, 

3, and 4, respectively. No. 

1 bearing is mounted on the 
outboard end of the turbine 
cylinder. No. 2 and 3 bear¬ 
ings are mounted on the com¬ 
pressor cylinder, one on each 
side of the coupling. No. 4 
bearing is mounted on the compressor cylinder at the outboard 
end. A Kingsbury thrust bearing, located adjacent to No. 4 
bearing, maintains the axial position of the two spindles and takes 
any thrust which may be present. 

The turbine and compressor cylinders are each supported at 
their four corners on keys that lie in transverse keyways cut in 
the bedplate. The ends of the cylinders which lie adjacent to 
one another are keyed to the bedplate in a manner which prevents 
their moving axially at that point. The opposite ends of the 
cylinders rest on keys but are free to slide, thereby taking care of 
expansion. Transverse movement of the cylinders is prevented 
by guides fastened to the bedplate along the center line of tho 
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unit. Two guides are provided for each cylinder, and on some 
units an additional guide is provided for the No. 1 bearing ped¬ 
estal. After the unit has been aligned, fit the guides to their key- 
ways in the cylinders with the gib keys furnished with the machine. 

Operating Principle of the Gas Turbine.—The gas turbine as 
a primary power unit has been little more than an inventor^s 
dream until recently. It offers advantages parallel to those of 
the steam turbine over a steam engine, in that direct conversion 
of fuel energy to power on a rotating shaft is possible, eliminating 
the reciprocating motion, difficult problems of fuel injection and 
cylinder lubrication, and all need for cooling water. It is the 
latter, and certain characteristics of use in chemical processes, 
that have provided the incentive for development and offer the 
best possibilities for future applications. 

The simplest form of gas-turbine compressor is a complete 
unit with a fuel-burning chamber and generator (Fig. 361), 
Operation of this unit is continuous. Air from the room or out¬ 
doors is compressed to 30 to 50 psi, mixed with oil fuel, and 
burned in the combustion chamber. The products of com¬ 
bustion, including excess air added to keep the gas temperature 
down to a predetermined limit, expand through the turbine blad¬ 
ing to the exhaust flue or stack. About 75 per cent of the 
output of the turbine goes to drive the compressor; the remainder 
is available for electric generation. 

In the combustion-gas-turbine cycle there is no boiler, no feed 
pump, no condenser or cooling water. The only auxiliaries 
required are a fuel pump and a means of starting. For the lat¬ 
ter, a small motor or steam turbine brings the unit up to about 
one-quarter speed. At 1000 F gas temperature, an over-all 
thermal efficiency of 15 to 18 per cent is possible (19,000 to 23,000 
Btu per kwhr at the generator coupling). Considerably better 
eflBiciency could be obtained for direct power production by rais¬ 
ing the inlet-gas temperature to 1200 F. 

Another method of increasing eflSciency is to preheat the com¬ 
pressed air with the turbine exhaust (Fig. 362), A surface of 
2i sq ft per kw of net output increases elB&ciency about 2^; points. 
Better efficiency at partial load can be secured by a two-shaft 
arrangement, one gas turbine driving the compressor at best 
compressor speed, and another running at constant speed driving 
^ the generator. One compressor and combustion chamber su|>- 
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plies both turbines (Fig. 363). Figure 364 shows the improve¬ 
ment in thermal efficiency. 

A cycle embodying regeneration, reheating, and intercooling 
is shown in Fig. 365. In this arrangement air from the atmos¬ 
phere enters the compressor where its pressure is increased to an 
intermediate value. It is then passed through an intercooler 
that lowers its temperature and specific volume. The cooled air 



Fig 356 —Gas-turbine and axial-compressor rotors connected for opposed 
thrust. {Courtesy of Allts-Chalmers Manufacturing Co ) 

then enters the high-presvsure element of the compressor where it 
attains final pressure. In addition to reducing the power required 
for compression, the intercooler also lowers the temperature of 
the air leaving the compressor, thus making the heat exchanger 
more effective. 

The discharged air is preheated in a heat exchanger by the 
exhaust gas from the low-pressure turbine and is then further 
heated to a satisfactory turbine-inlet temperature by the injec¬ 
tion of fuel in a high-pressure combustion chamber. Expansion 
of this high-temperature gas in the turbine furnishes the neces¬ 
sary power to drive the compressor. 

Gas leaving the high-pressure turbine is reheated to inlet tem¬ 
perature and then expanded in a low-pressure turbine to furnish 
useful powert Exhaust gas from the power turbine in traversing 
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Fia, 357.—Cross section of 20-stage axial-flow compressor with roller-bearing-supported spindle. 
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the heat exchanger preheats new air leaving the compressor and 
then discharges to atmosphere. 

When this cycle operates with a turbine-inlet temperature of 
1200 F, a compressor pressure ratio of 5, and surfaces in the heat 
exchanger of 5,000 and 1,500 sq ft, respectively, a thermal effi¬ 
ciency of 30 per cent is obtained at the turbine coupling. Such 
an efficiency is equivalent to or even better than that achieved 
in both marine steam installations and small land steam-power 
plants. 



Fig. 368.—Blades are wedged and calked in place as in steam-turbine practice. 
{Cou7*he8y of Allis-Chalmers Manufacturing Co ) 


The 1000 F limit should not be taken as the ultimate for opera¬ 
tion of turbine parts. There is a reasonable expectation of 
increasing this temperature limit, which, when it materializes, 
will open up still broader fields of application. 

Power generation by the gas turbine is limited at present to 
liquid or gaseous fuels, as it is too early to predict the outcome of 
experiments with pulverized coal. However, the lowest grades of 
bunker C oil which cost only about half as much as diesel fuel oil 
can be used. 

Machines similar to the one in Fig. 360 have been developed 
to a high degree of refinement and applied to the Houdry process 
of oil refining to supply large quantities of compressed air. 
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Power to drive the compressor is generated in the gas turbine by 
waste products of the process. Since the power produced is in 
excess of that required by the compressor, a relatively small 
amount of by-product electric power is generated. The generator 
is geared, 5,200 to 1,800 rpm, and a separate starting steam tur¬ 
bine is provided at the extreme right. 

Pressure drop in the cracking process reduces the amount of 
by-product power available below what could be made if the unit 
were operated for power production only. In one typical unit 
the gas-turbine output is 5,300 kw; the compressor requires 
4,400 kw, leaving 900 kw for electric generation. 

The gas turbine as a power producer has the advantage over a 
diesel that the lowest grades of fuel oil can be fired, and waste gas 
of any quality or heating value is suitable. The difference in 
fuel price in many cases makes up for the inherently lower effi¬ 
ciency of the gas turbine in comparison with the diesel. 

A gas-turbine unit for 2,000 kw net output weighs about 40 tons 
without the generator, and the cost compares favorably with a 
diesel. Since no cooling water or other auxiliary apparatus is 
required for the turbine, comparison of the investment on a com¬ 
plete plant basis is considerably in favor of the turbine. 

Load Control.—A by-pass safety valve protects the gas turbine 
from overspeeds above 10 per cent in case the electrical load is 
suddenly removed. This valve (Fig. 366), when actuated by 
the emergency stop, permits the gas to pass directly from the 
turbine inlet to the exhaust, thereby depriving the turbine of 
its motive power. 

This single-seated unbalanced valve is provided with spring- 
loaded power piston 13. Unbalance of the valve is in the open¬ 
ing direction. The downward thrust of the piston (depending 
on the oil pressure) is such that the valve is kept shut during 
normal operation. 

Orifice 21 supplies oil on top of spring-loaded pilot valve 16. 
Pressure in dome 18 builds up until supporting spring 15 on the 
pilot is compressed and the pilot valve is seated. From that 
moment on, oil supplied to main piston 13 through opening 21 
cannot escape and the piston travels downward, compressing 
main spring 12 and closing by-pass valve 5. 

When the emergency governor responds to overspeed, oil 
escapes from the top of pilot valve 16. Spring 16 lifts the pilot 




Fig. 359. Cross section of a five-stage gas turbine that drives the compressor in Fig 357. {Courtesy of Allts-Chalmers 

Manufacturing Co ) 
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valve, and the oil on top of power piston 13 drains to the oil tank 
through outlets 20 and 14. The unbalanced force under the 
valve and main spring 12 opens the by-pass valve. 

Upon resetting the emergency-stop plunger mounted on the 
l)earing housing, the oil pressure is built up and pilot valve 16 and 
main valve 5 are closed. 

Provision is made to trip the by-pass valve manually. A pipe 
connecting the dome with the drain line is furnished with a 
spring-loaded hand-operated valve. Releasing the oil pressure 
in the dome through this valve opens the by-pass valve. 

Emergency Governor.—The emergency governor (Fig. 367) 
provides against overspeed. A branch of the governing oil line 
that connects to the dome of the by-pass valve also connects to 
the emergency governor. Oil pressure is applied on piston 6 at 
28. If emergency trip 12 operates on overspeed, the governor 
spindle strikes lever 7, which provided the support for piston 6. 
The piston is released, and spring 19 pushes it down. Slots 
provided in the cylinder wall and connecting to drain 16 are 
uncovered when the piston moves down, and the oil pressure in 
the line to the dome of the by-pass valve Vanishes, thereby 
operating the latter valve in an opening direction. After the 
turbine speed has decreased, the governor spindle of emergency 
stop 12 returns to normal position and the trip piston can be 
reset by lifting handle 5. Provision is also made to trip the 
turbine by hand by striking button 10 lightly. 

Speed-control Governor.—The overspeed-governor mechanism 
combines simplicity, ruggedness, and positive control of the 
turbine with great sensitivity for close speed regulation. The 
governor mechanism and blowoff valve (Fig. 368) provide protec¬ 
tion against overspeed. The governor is so adjusted as to be 
inactive below 3 per cent overspeed, at which point the blowoff 
valve begins to open and air from the compressor discharges to 
atmosphere. Handwheel 28 adjusts the speed at which blowoff 
occurs. Full opening is obtained at 7 per cent overspeed. 

The governor mechanism consists of speed-governor assembly 
19, pilot-valve assembly 25, and oil-relay-controlled blowoff 
valve 31 with suitable restoring mechanism to provide an instan¬ 
taneous response to speed changes. 

Speed governor 19 is a standard spring unit. Governor 
weights are secured to two cylindrical rollers rolling on guides 
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provided in the governor casing, these guide surfaces being 
parallel to the governor center line. Flat flexible springs connect 
the rollers with the governor casing and central stem. A coil 
spring loads the governor and this is readily adjustable by means 
of nuts on the spring casing. The governor spindle connects to 
pilot valve 25, which controls the oil pressure operating the 
blowoff valve. 



Fig. 360.—Complete unit—gas turbine, axial compressor, speed reducer, 
induction generator, and starting steam turbine. {Courtesy of Allis-Chalmers 
Manufacturing Co ) 


As turbine speed increases, the weights secured to the rollers 
tend to move apart owing to centrifugal force. When these 
forces become greater than the combined force of the flat and coil 
spring, the rollers roll upward and force the spindle up. 

This motion is transmitted to pilot valve 25, which moves up 
and releases the oil pressure in line 29. The resulting motion 
causes the oil relay on the blowoff valve to admit oil pressure 
from connection 42 through port 44 above piston 40. The piston 
moves down and forces the oil below it out through port 43 into 
the oil relay where it is drained through connection 45. The 
downward motion of the piston is transmitted to the restoring 
mechanism, thus adjusting the opening of the blowoff valve to 
the desired point* 





Fig. 361.—Continuous-combustion gas turbine with its compressor and combus¬ 
tion chamber. {Courtesy of Power.) 


Lubricating>oil System.—^The main oil pump is a gear unit 
driven from the low-speed shaft of the speed reducer; the auxiliary 
pump is a motor-driven rotary unit mounted on top of the oil 
tank. 

The oil cooler consists of a tube bundle, suitably baffled and 
enclosed in. a cast-iron shell. ^ The shell ends are provided with 
removable heads to facilitate inspection and cleaning without 
disturbing existing pipe connections. Water flows within the 
tubes and the oil is directed across their outside. 

The oil tank is of welded construction with its cover reinforced 
to provide a mounting for the auxiliary oil pump. A magnetic 
liquid leyel gage, float operated, is mounted on the tank. 









AXIAL-FLOW COMPRESSORS 


369 


The main oil pump takes oil from the tank and delivers it 
through the cooler to the speed reducer and compressor and 
turbine bearings (Fig. 369). A relief valve maintains pressure 
on the bearing supply lines and by-passes excess oil back to the 
tank. The bearing and gear-case drains return to the tank. 
Straight-through oil-flow sights and thermometers in the drain 
lines check oil flow and temperature. 

The auxiliary pump takes oil from the tank and discharges it 
through the relief valve to the cooler and bearing supply line. 
This pump also supplies oil to the governor system. 

Lubricant is sprayed on the roller bearings by pipes which 
contain a small orifice through which a jet of oil discharges. 
This oil strikes a flinger on the shaft which breaks it up into a 
spray to lubricate the bearing. Gas-turbine bearings are 
equipped with double jet pipes, one on each side of each bearing; 
compressor bearings have one jet pipe located on the coupling 
side of each bearing. 

On some compressors fitted with double-roller bearings, the oil 
is introduced through a passage fitted with a metering orifice in 
the bearing retainer. Oil enters the bearing through this orifice 
and flows outward in both directions between the inner and outer 
bearing races. 

Oil goes to the thrust bearing through two inlet pipes near its 
bottom. Each inlet pipe contains a metering orifice plug and 
dial gage which indicates the oil pressure on the bearing side of 
the orifice. 

The coupling between the compressor and the speed reducer is 
lubricated by a jet pipe that delivers oil to collector rings on the 
coupling. This jet pipe is located on the compressor side of the 
coupling. Oil for lubricating the speed reducer comes from 
the bearing supply line. 

Governor Oil System.—High-pressure oil required for the 
by-pass safety valve and overspeed-trip valve is supplied by a 
second gear pump driven from^he low-speed shaft of the speed 
reducer. 

The pump takes its suction from the tank and delivers oil 
through an adjustable needle valve to the by-pass valve and 
overspeed trip. Drains are brought back to the oil tank. 

Oil supplied to the relay and power piston used to operate the 
biowoff valve comes from the bearing oil supply line. Pressure 
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in this line is regulated by a reducing valve which by-passes oil 
to the drain when the pressure gets too high. 

Auxiliary Oil-pump Control.—The auxiliary oil pump provides 
oil to both the governor system and the bearings during starting 
and also serves as a stand-by for the main governor oil pump and 
bearing pump. 

Both the governor oil line and bearing line have pressure- 
operated switches adjusted to close and start the auxiliary oil 
pump when oil pressure falls slightly below normal (Fig. 370). 
A pilot light on the auxiliary pump push-button station imme¬ 
diately informs the operator that the auxiliary pump is running. 
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Fig. 362.—Air preheater increases the efficiency of one-shaft units. 
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Erecting the Unit.—When erecting the unit, put the bedplate 
upon its foundation, then place the lower half of each cylinder 
on the bedplate and line up the bearing bores. When lowering 
the spindles into place, use the lifting rigs provided and be careful 
not to damage the labyrinth sealing strips. Guide pins (if any) 
in the bearing spring rings should be pointing vertically upward 
when the bearings are in place. 

Machines are carefully aligned and given a test run at the 
factory. To check alignment, separate the rigid coupling 
slightly and with a thickness gage check to see if the two faces 
are parallel. After these faces have been made parallel, attach 
a dial indicator to the compressor half of the coupling, with the 
indicator following the hub of the turbine half of the coupling. 
Rotate the compressor and check to see if the shaft centers are in 
line. By using a small mirror in the bottom of the coupling 
housing, the dial can be read in any position. 

After the first alignment is obtained, puU the foundation bolts 
up fairly tight and recheck the alignment. When the alignment 
is completed, fill the bedplate with grout. 
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The thrust bearing and its housing may be assembled to the 
compressor shaft before the spindle is lowered into the cylinder. 
The bearing should be assembled with the filler piece located at 
the outboard end. The thrust-bearing housing has a tongue 
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l^iG. 363.^—Two-shaft arrangement gives better efficiency than a one-shaft unit. 
{Courtesy of Power.) 


that fits between the lock rings in a groove cut in the lower half 
of the compressor cylinder. These lock rings were fitted at the 
fact-ory and hold the housing in its correct position. They are 
marked to correspond with letters stamped in the compressor 
cylinder to indicate their correct positions. 

A line has been scribed on the surface of the compressor 
cylinder in the plane where the faces of the rigid coupling meet. 
This reference line is to be used when checking the radial clear- 
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ances of the turbine blading. It may also be used as a guide 
during erection until the thrust-bearing housing is locked in place. 

The radial clearance of all compressor blades should be equal 
to or slightly more than 0.035 in. Experience has shown that the 
compressor has ample clearance when a 0.035-in.-thick shim can 
be shoved through each row of blading between the tips of the 
spindle blading and the lower half of the cylinder, and between 
the tips of the cylinder blading and the spindle. Clearance 
for the upper half of the cylinder can be obtained with lead wire. 



Load, Per Cent 

Fig. 364.—Comparative thermal efficiencies of one- and two-shaft machines. 
{Courtesy of Power,) 

When taking these clearances, bring the face of the coupling 
up to the line scribed on the surface of the compressor cylinder. 
Check this position by laying a straightedge on the line. Make a 
record of the original clearances of the turbine and keep it for 
possible future use. 

Piping to and from the compressor and turbine must be properly 
supported to prevent weight strains from being transmitted to 
the compressor or turbine. Proper allowance must be made for 
compressor and turbine expansion to avoid casing distortion. 
Expansion joints are recommended for both the inlet and dis¬ 
charge lines of the compressor and turbine. 

Aligning the Speed Reducer. —The speed-reducer gear unit 
located between the compressor and starting unit must run in 
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the direction indicated by the arrow on the gear-case cover. 
Follow these pointers when installing it: 

1. Set the unit to the correct horizontal position by building up with 
broad flat shims. Do not use wedges. 

2. Remove the inspection cover and lay a machinist’s level on the machined 
surface, first lengthwise and then crosswise of the reducer, and, if necessary, 
change the shimming to bring the reducer into a level position. Be careful 
not to drop any dirt down into the reducer, and replace the inspection cover 
immediately after making this check. 


Low- 



Fig. 365.—Regenerative cycle with reheating and intercooling on a two-shaft 
unit. {Courtesy of Power.) 

3. Swing the reducer sufficiently to bring its shafts into horizontal and 
vertical alignment with the driving and driven shafts. 

4. When coupling hubs are mounted in the field, they should be heated 
and shrunk on, not pressed or driven on unless the shafts are removed, 
because an endwise force or blow on the shaft may cause serious damage to 
gears and bearings. 

5. Where a gear unit is mounted on a subbase, be sure to check the align¬ 
ment at the couplings after the base has been bolted down. If it has been 
disturbed, true alignment should be restored by shimming. 

6. Tighten all bolts on the gear unit after it has reached normal operating 
temperatures. 

Drain and filter the oil at regular intervals of from 3 to 6 
months. It is especially desirable to filter after the first week of 
operation in order to remove metallic particles which are a result 
of the initial wearing-in period. Clean the spray pipes at 
regular intervals. 

A steady increase in oil temperature with normal operation 
indicates that the oil is dirty or contains sludge. The lubricant 
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should be drained and, if not too dirty, refiltered; otherwise, new 
oil should be used. To avoid possibilities of explosion, keep open 
lights away from gear-case openings when the oil is hot and 
vaporous. 



Fig. 366.— By-pass safety valve shunts gas from turbine miot to the exhaust on 
overspeed. {Courtesy of AUis-Chalmers Manufacturing Co.) 


Over-all Erection Pointers.—During erection, check the follow¬ 
ing points and make necessary adjustments before attempting 
to start up the unit: 

1. Check the alignment carefully after air and gas piping have been 
installed. 

2. Thoroughly clean all bearing housings and all parts of the lubrication 
cystem before installing. The parts should be flushed with kerosene and 
blown out with an air blast. Do not use waste to wipe them dry. 

3. Fill the oil tank with a light oil to flush the system. Check the direc¬ 
tion of rotation and operation of the auxiliary oil pump. Circulate oil 
through the system. When the pressure drop across the filter starts to 
increase, turn the filter handwheel once or twice to clean it. Continue 
circulating the oil until the system has been thoroughly flushed, then drain, 
and clean the tank. 

4. Refill the tank with a good grade of clean turbine-quality lubricating 
oil, which is suitable for high-speed bearing service. The oil should have a 
viscosity of 350 SSU at 100 F. 
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5. Check the oil and cooling-water system for leaks. Adjust the lubrica¬ 
tion- and governing-system control units according to the manufacturer’s 
instructions. 

6. Roll the unit slowly and check carefully to see that everything is free. 

7. After satisfactory mechanical operation has been obtained, make the 
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Fig. 367.—Emergency overspeed governor shuts unit down on overspeed. 
{Courtesy of Allis-Chalmers Manufacturing Co,) 


turbine- and compressor-casing horizontal joints permanent with a mixture 
of triple-boiled linseed oil and graphite, of a consistency such that it will 
run off the brush when being applied. 

Starting.—When the unit is fitted with a steam turbine for 
starting purposes, follow this procedure: 

1. Start the auxiliary oil pump. 

2. Check the oil pressures and oil-sight feeds. 

^ Check the pil level wi the @te,rting turbine, 
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4. Test the gas-turbine constant-speed governor by screwing the hand- 
wheel of the main-governor linkage all the way down, then all the way up. 
Leave the wheel all the way down. 

5. Test the gas-turbine overspeed valve by tripping the overspeed latch. 
Reset. 

6. Test the steam-turbine overspeed trip. Reset. 

7. Open the cooling water to the steam-turbine bearings. 

8. Open all steam-turbine drain valves. 

9. Open the steam-turbine exhaust valve. 

10. Crack the steam-turbine throttle valve and bring it up to part speed. 
The operating instructions furnished by the turbine manufacturer should 
be carefully followed. Check immediately to see that the bearing oil rings 
are turning. 

11. Start the cooling water when the return-oil temperature from the 
bearings reaches 125 F. Regulate the flow to keep it from 125 to 130 F. 

12. Check the bearings for noise and temperature. Check the glands for 
noise. Open the valves to the turbine gland seals. Check the sound of the 
rotors for rubbing. 

13. When water is out of the steam system, close all drain valves. 

14. Open the steam throttle to bring the unit up to approximately 40 per 
cent speed. 

15. Check again as in step 12. 

16. Light the burners if necessary to bring the inlet-gas‘temperature up to 
normal, 

17. Cut down on the steam throttle as the gas turbine comes in under its 
own power. 

18. Shut down the auxiliary pump manually. If the governor and main 
oil pump do not maintain full operating pressure, the auxiliary pump will 
continue to run. This condition should be corrected before putting the unit 
into service. 

19. Close the steam throttle valve. 

20. Keep the steam-turbine exhaust valve open. 

21. Open all steam-turbine drains. 

22. Regulate the gas-turbine speed with the handwheel on the main 
governor. Adjust the inlet gas to the maximum continuous allowable 
temperature. 

23. Pay close attention to the temperature of the oil discharged from the 
bearings. In case of abnormal bearing temperatures, shut down the unit, 
determine the cause of overheating, and correct it before again placing the 
unit into operation. 

Shutting Down.— When shutting down, proceed as follows: 

1. Reduce the generator load to zero and take the generator off the line 
(for units driving a generator). 

2. Put out the burners. 

3. Start the auxiliary oil pump when the oil pressure begins to decrease, 
Check the auxiliary-pump discharge pressure. 
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Note: If the auxiliary pump is equipped with automatic control, the 
pump should start up in case of low oil pressure. 

4a. For starting motor: When the unit has slowed down sufficiently, 
start the motor and engage the clutch. 

46. For starting turbine: Crack the throttle valve sufficiently to keep 
the unit rotating at slow speed. 



atmosphere to control turbine speed. {Courtesy of Allia-Chalmers Manufac¬ 
turing Co.) 

5. Keep the unit turning over until the gas-turbine-cylinder temperature 
has dropped to 250 or 300 F. 

6. Shut down the driving motor or turbine. Open the turbine drains. 

7. Shut off the cooling water. 

8. Shut down the auxiliary oil pump. 

On an emergency shutdown, trip the overspeed lever at the 
outboard end of the turbine and start the auxiliary oil pump. 
Then proceed as above if the unit can be kept running. If the 
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machine cannot be kept rotating, let the auxiliary oil pump run 
and turn the rotor by hand one-half turn every 15 min. 

Normal Operation.—The compressor is essentially a constant- 
volume machine and delivers a steady flow of air when operating 
in its stable zone. If the discharge pressure is raised sufficiently 
by increasing the resistance in the discharge line, the compressor 



Fia. 369.—^Lubricating and governor oil system served by separate pumps. 


will begin to surge. This condition should be avoided. Surging 
can be prevented with a regulator arranged to increase the volume 
handled by blowing off air at the compressor discharge when the 
surging zone is reached. 

The unit runs with a minimum of vibration at all speeds, except 
when passing through its critical-speed zone. In case of excessive 
vibration, shut the machine down and correct the fault at once. 

Excessive vibration may be caused by 

1. Misalignment. 

2. Rubbing of the rotor or stationary blades from 
o. Distortion of casing. 

b. Excessive heating. 
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3. A defective bearing. 

4. Defective gears. 

Bring the unit up to speed slowly, and allow it to cool slowly 
when shutting down. Check the alignment frequently when it is 
first placed in operation. Oil discharged from the bearings 
should be maintained below 150 F. 

Dismantling. —The compressor and turbine upper-half casings 
may be lifted after removing the connecting piping and bolts. 



I”3 Alarm contact, closes with drop in pressure 
2"4 Aux. oil pump contcjctcloses with drop in pressure 
Fig. 370.—Wiring diagram of auxiliary oil-pump motor. 


Lift the casing slowly and evenly to avoid binding on the cylinder- 
guide studs. 

To remove the compressor or turbine rotor 

1. Remove the bearing covers. 

2. Disconnect the couplings. 

3. Lift the rotor, using the lifting rig furnished with the unit. (Separate 
rigs are provided for turbine and compressor rotors.) 

Note: When the coupling between the compressor and turbine has a male 
and female fit, the turbine rotor must be moved axially to clear this shoulder 
before lifting. 

The rotors are statically and dynamically balanced and given 
a mechanical test before shipment. Balance is obtained by 
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adjusting screws located at each end of the rotor. Should 
unbalance occur, consult the manufacturer. 

Remove the upper half of the compressor, turbine, and gear 
casings to inspect the rotating parts at regular intervals, usually 
once a year. Bearings should also be inspected at this time. 

Filter the lubricating oil frequently and clean water and sludge 
from the reservoir. The oil should be renewed if its appearance 
or excessive sludging indicates decomposition. Check the filters 
monthly, and clean the oil-cooler tubes whenever rising oil 
temperature indicates inadequate cooling. 



CHAPTER XII 


ALIGNING ROTATING MACHINES 

Importance of Correct Alignment. —A rotating machine must 
be in accurate alignment to prevent overheated bearings and 
the setting up of bending stresses in the shaft. When two or 
more machines are connected together, the shafts must not only 
be correctly aligned in their own bearings, but they must be in 
alignment with each other. A rough alignment can be made with 
the units at existing atmospheric temperature, but the final 
check must be made at each machine's normal operating tem- 



Fiq. 371.—Aligning bearing bores with a steel-wire center. 

perature to correct any inequalities caused by the expansion 
or contraction of individual parts. For instance, if a steam 
turbine drives a cold-water pump, both must be at operating 
temperature for a final alignment check. 

Machines connected by flexible couplings should be aligned 
as accurately as those units with solid couplings. Alignment of 
the two shafts can be adjusted by checking the clearance at the 
coupling halves. Alignment at this 'point must be as nearly 
perfect as possible; coupling faces should be kept to less than 
0.002 in. out of parallel per 12 in. of face diameter. 

Three-bearing Machines. —Three-bearing machines that have 
a one-piece shaft are the most diflBcult to align. Here the only 
solution lies in aligning the bearing bores with a steel wire (Fig. 
371). Stretch the wire between weights and determine its sag 
from Fig. 169, using the size wire and weights conforming to the 
sag data. 
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Locate the wire accurately in the center of each end-bearing 
bore with a micrometer or battery and bell tester. A simple, 
micrometer can be made by pushing pins in the ends of a thin 
wood stick. Adjust the penetration of one pin until the over-all 
correct length is found. 

Since each bearing pedestal is level with its bedplate, any 
difference in their heights will show up in micrometer measure¬ 
ments at A and B. Adjust the end bearings until they are 
level with each other. Then, taking into account the wire sag, 
adjust the center bearing to its proper height. If the shaft rotors 
are heavy, indicating some sag in the shaft itself, the middle 
bearing may be set slightly lower (0.001 to 0.002 in.) than the 
other two. 

When the shaft contains a coupling, alignment is considerably 
easier if normal care is exercised. First install suitable blocking 
under the unsupported half of the shaft before breaking the 
coupling. Loosen the coupling bolts, remove one of them at a 
time, and replace it with a slightly smaller one. These temporary 
bolts hold the shaft from falling apart. Ne^tt separate the 
coupling approximately i in., but not enough to separate the 
male and female joint. The alignment checks may then proceed. 

Sagging Shafts. —Shafts that carry heavy rotors generally 
show a slight sag between bearings which must be taken into 
account when aligning the couplings. Figure 372 shows an 
exaggerated view of this bending and how it appears at the 
coupling. 

Bolting the coupling together under this condition forms 
another bend in the shaft, as at A. The general practice is 
either to lower the two inboard bearings or to raise the outboard 
bearings so as to form a uniform bend in the shaft, as at B. 

Shaft deflection in a large synchronous-motor generator, 
measured with a sensitive machinist's level 18 in. long, is shown 
in Fig. 372. Deflection at the generator outboard bearing was 
0.014 in. with the exciter end high. Deflection at the generator 
coupling bearing was 0.007 in. with the generator end of the 
journal low. This deflection represents the amount that one 
end of the 18-in. level had to be raised to show level on the shaft. 
This corresponds to a deflection of 0.0046 in. per ft length of 
shaft. Deflections at the motor bearings were 0.007 and 0.013 
in., respectively. 
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The coupling flanges were found separated 0.018 in. at the top 
and 0.0 in. at the bottom, while at each side they opened 0.009 in. 
They were therefore parallel with respect to each other in a hori¬ 
zontal plane, but were out of parallel vertically. 

Liners 0.055 in. thick were added under the pedestal at both 
outboard bearings. This tipped the ends of both shafts upward 
and restored the coupling flanges parallel vertically. 

Several checks were then made by rotating the motor rotor 
through 90-deg turns while the* generator shaft remained sta¬ 
tionary. This operation is necessary to determine whether 
there are any permanent bends in the shafts. It might happen 



Fig. 372.—Eliminate bend at couplings by forming a uniform bend in shaft. 


that the coupling flanges would be parallel even though both 
shafts were bent in opposite directions. For instance, if one 
shaft was permanently bent up and the other down, the flanges 
might still show parallel from top to bottom. Turning each 
shaft a complete revolution and checking at 90-deg positions 
while the other remains stationary determines whether either 
shaft is permanently bent. 

Homemade Clamps. —Figure 373 illustrates the construction of 
several convenient homemade clamps to hold dial indicator 1 
and test indicator 2 on shafts and couplings while checking 
ahgnment. With a scale graduated in thousandths of an inch 
and 15 units on each side of zero, the test indicator is sometimes 
easier to use than the dial unit when checking a shaft after it has 
been approximately* aligned with a straightedge and feeler gage. 

To support the test indicator on certain coupling designs, make 
a 2-in. C clamp from a piece of ^-in. key steel forged to approxi¬ 
mately the correct shape and then finished (4). A standard 
2-in. 0 clamp furnishes the screw. To support the indicator^ 
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braze a l-in. piece of l-in. key steel, with two holes drilled 
and tapped in it, to the back of the clamp. 

To mount the dial indicator on shafts connected by flexible 
couplings, use two standard 4-in. C clamps. Cut a section out 
of the web on the back of each clamp and braze in a piece of 
|-in. key steel fitted with a tapped hole (3). For mounting 
the dial and test indicators, cut from a drill rod the follow¬ 
ing lengths: one 2-in., two 6-in., and one 8-in. At one end, thread 
each rod to screw into the C clamp fitting. At the other end, 
file a flat surface for a wrench to tighten the rod or remove it 
from its socket (5, 6, and 7). Block 8, made from a piece of ^in. 
key steel, serves for alignment checks with the dial indicator, or 
as at A in (26) of Fig. 375. 

To mount the dial and test indicators, make two clamps (9), 
each from a ^in. bolt, a piece of f-in. pipe, and a piece of key 
steel. Chuck the -j-in. bolt in a lathe and make a thumb nut for 
tightening the clamp, then make the clamping bolt. 

Machining operations and parts are indicated in (10) (Fig. 
374). Machine a piece of |-in. pipe on the inside to fit snugly 
over the clamping bolt, and on the outside to obtain a wall 
in. thick and a length -grV in. longer than the clamping-bolt 
body. With the sleeve on the body of the clamping bolt and 
their outer ends flush, drill a ^in. hole through both the bolt 
and pipe, as in (11). To prevent the sleeve from slipping up 
off the bolt when not in use, peen the inner edge of its lower 
end, as at A in (13). 

The construction of the other half of the clamp, made from a 
l|-in. piece of ^in. key steel, is clearly indicated in (12). The 
clamp is assembled as in (13). Two rods, one in hole B and the 
other in hole C, can be moved to any position with relation to 
each other and provide a handy tool for mounting dial and test 
indicators. Tightening the clamping-bolt thumb nut locks both 
rods in place at one operation. 

Check Each Coupling Half and Its Shafts. —Different couplings 
will require different dial-indicator setups, or slightly different 
fittings from those in (14) to (17). The first procedure is to level 
each machine's bedplate and shaft and make the two shafts level 
with each other. 

To check bearings for vertical clearance (14); Support the test 
indicator on each of the coupling halves with its contact resting 
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on top of the bearing, preferably with the pointer at zero. Then, 
if the shaft is lifted to the top side of the bearing, movement of 
the pointer shows shaft clearance. 



Fig. 373.—Dial and test indicator clamps and extension rods. (Courtesy of 

Power.) 


Tq measure shaft end play (16) i Move half the coupling and its 
shaft to the right to take out all clearance. Then mount the 
indicator with its pointer contact against the bearing-housing 
end when the pointer is on zero. When the shaft and coupling 
are pushed to the left as far as possible, movement of the pointer 
indicates shaft end play* 
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To test for a bent shaft or a coupling half not square on its shaft, 
or for both (16): Mount the test indicator on half the coupling 
with its contact against the vertical face of the outer half. Then 
turn the coupling half with the indicator contact resting on it 
slowly through one revolution. The indicator shows any 
out-of-true of this half as a result of the coupling not being square 
on the shaft or the shaft being bent. 

To test the coupling for eccentricity (17): Mount the indicator 
on half the coupling with its contact resting on the circumference 
of the other half. If the right-hand half is turned through one 
revolution, any eccentricity shows on the indicator. 

When a hot unit drives a cold one, or vice versa, allowance for 
temperature difference must be made in alignment of the coupling 
halves. For example, when aligning a steam turbine with a 
cold-water centrifugal pump, set the turbine, when it is cold, 
from 0.003 to 0.015 in. lower than the pump, depending upon its 
size and shape. Recheck at normal operating temperature. 

Before using the test indicator for the final check, correct the 
radial alignment until all points on the circumference of the 
coupling halves align with a steel straightedge placed against 
them (18). Also correct the axial alignment until the faces of 
the coupling halves are parallel, as determined by feeler gages 
(19). 

If the coupling is of the pin-and-rubber bushing type, put one 
worn pin with its bushing in the coupling. This keeps the 
coupling halves in the same relation without binding. Force 
the two shafts away from each other to obtain the inaximum 
space between the coupling halves. Jam a piece of rubber, such 
as a section of inner tube, between the coupling flanges (23) 
(Fig. 375), to keep them apart without binding. Then set up 
and turn the indicator as a unit with the coupling through one 
revolution. The indicator shows the total axial misalignment 
between the two machines. Taking indicator readings at each 
90-deg point in the revolution shows both horizontal and vertical 
axial misalignment. 

^ Assume that when the coupling is turned the indicator reads 
as in (20). This indicates that the axes of the shafts are in 
alignment in the vertical plane, because the readings are equal 
and in the same direction on both sides of the coupling. At the 
bottom, the coupling halves are 0»004 in. closer together than at 
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Fig. 374. Adjustable swing support holds indicator in any position {Courtesy of Power.) 






Fig. 376.—Indicator setup for checking axial and radial alignment. (Courtesp 

of Power,) 

correct this misalignment, raise the outer end of one machine an 
easily determined amount. 

If the bottom sides of the coupling halves are 0.004 in. closer 
than the top, this means the top sides are 0.002 in. too far apart 
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and the bottom sides 0.002 in. too close. To bring the coupling 
faces parallel, raise the outer end of one machine enough to sepa¬ 
rate the bottom sides of the coupling halves 0.002 in. Assume 
we are aligning a motor with its machine, and that the coupling 
has a 3-in. radius and the motor feet are located 12 and 24 in. 
from the coupling face, as in (22). This gives a ratio of 24:3, or 
8:1, between the coupling radius and the distance between the 
face of the motor coupling half, and the center of the outboard 
feet of the motor, as in (21). To get 0.002-in. movement of the 
free end of the 3-in. radius in a vertical plane, the free end of the 
24-in. line has to be moved vertically 0.002 X 8 = 0.016 in. 

In (22) the inner feet of the motor are halfway between the 
coupling face and the outboard feet. Then if the latter are raised 
0.016 in., the coupling face will be lowered by that amount 
because the motor moves around its inner feet as a fulcrum. To 
bring the coupling halves into true axial alignment, the inner feet 
must be raised half the distance that the outboard ones are, or 
0.008 in. 

When the motor and its load are in true axial alignment, check 
for radial alignment by mounting the indicator, as in (24) (Fig. 
375). Rotate the coupling and indicator as a unit and read the 
indicator at each 90-deg position. Assume that the indicator 
reads as in (25). This shows that the motor is 0.002 in. low. 
To correct this and bring the motor in true radial alignment with 
its machine requires placing a 0.002-in. shim under each of its feet. 

If the indicator in the horizontal positions reads differently on 
* opposite sides of the coupling, it shows radial misalignment in 
the horizontal plane. Correct this by moving the whole motor 
horizontally the amount necessary to obtain true alignment. 

When not convenient to use the test indicator, mount the dial 
indicator as in (26) and (27). Place two clamps (3) (Fig. 373) 
in a horizontal position on the two shafts to support the indicator. 
The setup in (26) measures radial alignment the same as (24); 
(27) measures axial alignment, similar to (23). In these tests, 
the coupling halves must be free to turn with their shafts without 
binding, and they must be kept the maximum distance apart to 
obtain a tnie reading not affected by outside influences. 



CHAPTER XIII 


HYDRAULIC COMPRESSION OF AIR 

Adaptation. —Compressing air hydraulically requires a falling 
head of water or a volume of water under pressure capable of 
supplying the desired quantity of air at the necessary pressure. 
One of the oldest hydraulic methods of compressing air, called a 
trompe or water bellows, led water from a higher to a lower level 



Fig. 376.—Trompe hydraulic compressor. 


through a pipe or hollow bamboo pole having openings in the 
side through which air entered to mingle with the descending 
water (Fig. 376). This air, later separated from the water, 
served for blowing forges. Many improvements have been made 
on this early apparatus and several distinct types developed 
from it. 

With this method low waterfalls, otherwise useless, are made 
prodnetiye, the horsepower being determined by the diameter of 
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the down-flow pipe and the height and volume of water in the 
fall. Air pressure depends solely upon the depth of the well. 
Any required pressure can be produced isothermally up to the 
capacity of the water power; the delivered air is at the same 
temperature as the water and free of excess moisture. The initial 
cost compares favorably with mechanical means, and the low cost 
of attendance makes the method ideal for certain purposes. 
Investigations show that the compressed air contains less oxygen 
than the atmosphere, making it undesirable 
for some uses. 

Operating Characteristics. —^A study of 
Fig. 376 shows how falling* water com¬ 
presses the air. Pipe A carries water from 
reservoir B to chamber C. Just beyond 
the reservoir in pipe A, openings F project 
into the descending line. Air flowing in at 
this point mixes with the descending water 
and is carried down to chamber C. Air 
leaves through pipe E to the delivery sys¬ 
tem, and the water rises up the well D and 
overflows. The air pressure depends on 
the height of the water in well D. The 
distance between the level in reservoir B 
and well D represents the height or fall of 
water available to produce water flow. 

Since bubbles rise in water at a velocity 
depending on their size, air drawn into a 
current of water moving downward at a velocity in excess of 
that at which the bubbles rise will be carried down and sub¬ 
jected to a pressure corresponding to the depth attained. Com¬ 
pression takes place isothermally, a process not accomplished 
by many of the mechanical methods. The length or shape of the 
horizontal passage C must be designed to allow air to escape from 
the water beyond the siphon pipe. 

The quantity of intake air regulates itself, being neither more 
nor less than the flowing quantity of water can carry. If the 
descending column is so loaded with air that its weight drops 
to that of the ascending discharge column, the water in the former 
will rise and less water will enter. In the opposite case the water 
falls and more air enters. 



Fig. 377. — Arthur’s 
compressor. 
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Typical Designs. —^Another device (Fig. 377), patented by 
Thomas Arthur in 1888, feeds a stream of water directly into the 
top of a vertical pipe A. Inserted into the mouth of this pipe 
is a double cylindrical cone forming an annular air passage 
between it and the walls of pipe A. Owing to the increase in 
the water velocity as it passes through the narrow throat of the 
double cone, air is inhaled through the pipe C into the annular- 
space perforations in the cone and is entrained with the falling 
water. 

A vertical air-delivery pipe Z>, having its lower end E enlarged 
and open at the bottom, rises through main pipe A. Pro¬ 
jecting upward into this enlarged air-delivery pipe is an escape 
pipe F through which the water passes after parting with 
the air. 

The Taylor system (Fig. 378) uses a series of small pipes placed 
vertically in the upper end of a falling water column. These 
tubes A terminate in the conical entrance to the down-flow pipe 
B. Water entering the cone from flume C carries air from pipes 
A down to chamber D, The air separates and enters pipe E and 
the water passes to discharge through well F. 

Test Results. —One installation utilizing a head of 19.5 ft 
required 4,292 cfm of water to produce 1,148 cfm of free air at 
53.3 psi. The compressor consumed 158.1 gross hp and produced 
117.7 hp of effective work in compressing the air, giving an 
efficiency of 71 per cent. This air was then used in an engine 
which developed 81 hp, or a falling-water efficiency of 51.2 
per cent. 

A three-unit installation of Taylor compressors (Fig. 379), 
working under a 70-ft head, produced 35,800 cu ft of air per min 
at 118 psi with a water flow of 44,000 cu ft per min. The water¬ 
fall developed 5,400 hp and produced an equivalent air hp of 
4,300, or an efficiency of approximately 80 per cent. 

In this plant the water, diverted from a dam, runs through a 
canal 400 ft downstream where there is a net drop of 71 ft to the 
river. The compressors are located at this point. Three 5-ft 
cement shafts, each sunk 330 ft through rock, end in the roof 
of a large compression chamber. Steel tubes flared to 7 ft 4 in. 
at their outlet ends project from the concrete shafts 16 ft into 
this chamber. Directly under each discharge tube is a cone- 
shaped concrete spreading pier. 
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At the tube end, the compressing chamber is 21 ft high and 
57 ft wide. These dimensions continue 50 ft toward its other 
end, where it reduces to 18 ft wide and 26 ft high for the remainder 
of the 281 ft. At this end of the chamber a 10-ft tunnel A, 40 
ft long, leads into an inclined shaft B which goes to the surface, 
through which the water discharges. 

The compression chamber, constructed in solid rock, has an 
air capacity between the water line and the roof of 80,264 cu ft. 
The distance from the forebay water level to that in the chamber 



is 343 ft, and the water-power head from forebay to tail water 
is 72 ft, thus giving an air-pressure head of 271 ft. 

From the upper right end of the chamber C, a 30-deg incline 
tunnel runs into the main discharge shaft B. This contains a 
24-in. pipe that conveys air to the mine and mill and also a 12-in. 
relief pipe. The space not occupied by the pipes is filled with 
concrete. The lower end of the relief pipe maintains a water 
level in the compression chamber 12 ft below the roof, and its 
discharge end extends 5 ft above water level in the river. 

At the upper end of each coi^crete inlet shaft is a steel tube 
that extends 6 ft above the bottom of the forebay. This tube, 
with its telescoping head that moves freely up and down in the 
pipe projection, is shown in detail in Fig. 379. The telescope 
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joint permits moving the head above the water level, thus cutting 
off all water flowing to the compression chamber. 

A header, 10 ft in diameter, designed to be under water when 
the system is in operation, carries eight T-in. vertical tubes that 
project above the water and serve as air intakes. When water 
flows into the submerged head, downward flow produces a suction 
that draws air in through the atmospheric tubes into the water 
column. Air volume is controlled by adj usting the space between 



Fig. 379.—Cross section of Taylor compressor installation. {Courtesy of Power.) 

a concave and convex casting by moving the concave piece either 
up or down with an adjusting screw. 

When putting the system into operation, the headpiece is 
lowered by turning the adjusting screw and capstan nut until the 
lower rim of the upper casting is a few inches below water level. 
Water then rushes into the opening and into the shaft; air flows 
through the inlet pipes and descends in small bubbles with the 
water, being gradually compressed in its downward journey to 
the shaft bottom. 

Striking the conical cement pieces at the bottom, water and 
^r sprg^yiij gdl directions and flow along the compression chamber 








HYDRAULIC COMPRESSION OF AIR 


395 


toward the outlet end. As the flow is slow, the air has sufflcient 
time to separate and rise through the water to the upper portion 
of the chamber. Excess air pressure forces the water down until 
it uncovers the lower end of the 12-in. relief pipe, which serves 
as a safety valve. When air usage increases, water rises in the 
chamber until the lower end of the pipe is sealed, thus filling it 
with water and preventing the escape of air. This condition 
exists until another surplus of air forces the water down, uncover¬ 
ing the relief pipe and venting the excess air. The main body 
of discharge water flows up shaft B and goes to the river. 

Automatic air regulation is obtained by a pipe connection from 
the air chamber to the inverted float of the lower conical casting 
in the telescope head. When sufficient pressure has accumulated 
in the compression chamber, air passes up through this pipe, and, 
discharging into the inverted float, lifts the rim of the lower 
conical casting and prevents further flow of water past the air 
inlet. The float is equipped with an adjustable valve that 
automatically permits air leakage. As soon as the air pressure 
in the compression chamber below is relieved, the conical casting 
falls and the flow of water past the air inlet is resumed. 
The cost of this installation was about $22 per hp, not including 
the cost of the dam and canal, which was about the same. 

System Losses. —^Losses inherent in hydraulic compression are 
(1) The head expended in impregnating the water with air. (2) 
A loss called slip because of the velocity with Avhich the bubbles 
tend to rise. The tendency of the bubbles to rise during the 
water descent causes lost motion that lowers efficiency. (3) 
The increasing solution of air in the water with increasing pressure 
as the water and air descend. This air does not separate in the 
lower chamber, but is freed in the ascending well as the pressure 
decreases. This escape in the overflow well aids water move¬ 
ment, similar to an air lift, and partly balances the loss in the 
descending column. 
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THEORY OF COMPRESSING AIR 

Composition of Air.—Atmospheric air is a mechanical mixture 
of gases, principally oxygen and nitrogen, always containing a 
certain percentage of water vapor. It thus consists of individual 
molecules of these gases, vddely separated in comparison to their 
size, which travel at high velocity, and as a result hit against 



Fig. 380.—With constant volume, pressure is directly proportional to absolute 

temperature. 

enclosing surfaces and produce pressure. Temperature is 
directly related to the average molecular speed. High molecular 
speed means high temperature; low speed, low temperature. (At 
absolute zero temperature the molecules would lie perfectly still 
on the floor of the container.) 

Air at sea level exerts a pressure of 14.7 psi. This means that a 
oolumh^of air 1 in. square reaching from sea level to the upper 
atmospheric limit (about 50 miles) weighs 14.7 lb. This pressure 
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is commonly termed one atmosphere and compressors are fre¬ 
quently rated as compressing to a certain number of atmospheres. 

Air is capable of expansion and contraction, and of absorbing 
and giving up heat. . In its behavior under these conditions, it is 
practically a perfect gaSj following closely the perfect-gas laws. 

of Heat. —When heat is added to a fixed volume of air 
(Fig. 380), its temperature rises, the particles move faster, and 
the pressure increases [Eq. (9)]. If a piston compresses air con¬ 
fined in a cylinder, the moving piston delivers energy to the 
molecules, just as a moving bat delivers energy to a pitched 
baseball. The resulting higher speed of the molecules shows up 
as high temperature. In everyday language, ^^compression heats 
the air/^ 

Compressing air is nothing more than forcing a given volume 
or weight of these molecules to occupy less total space by squeez¬ 
ing them closer together. With volume reduced and travel 
restricted (Fig. 381), the molecules hit on the sides of an enclosing 
vessel with greater frequency, which shows up as increased 
pressure. 


Table 35.— Air Volume per Pound at Different Temperatures at 
Atmospheric Pressure 


Temp, F 

Vol, cu ft 

1 lb dry air 

Vol 1 lb dry 
air + vapor 
to saturate 

Temp, F 

Vol, cu ft 

1 lb dry air 

Vol 1 lb dry 
air + vapor 
to saturate 

20 

12.09 

12.13 

75 

13.48 

13.88 

25 



80 1 

13.60 

14.09 

30 

12.34 

12.41 

85 

13.73 

14.31 

35 

12.47 

12.55 

90 

13.86 

14.55 

40 

12.59 

12.70 

95 

13.98 

14.80 

45 

12.72 

12.85 

100 

14.11 

15.08 

50 

12.84 

13.00 

110 

14.36 

15.73 

55 

12.97 

13.16 

120 

14.62 

16.52 

60 

13.10 

13.33 

130 

15.00 

18.13 

65 

13.22 

13.50 

140 

15.13 

18.84 

70. 

13.35 

13,69 

150 

15.39 

20.60 


CoTirtefiiy of Power. 


To sum up, tbe pressure of a given enclosed quantity of air 
can be increased by reducing its volume, by increasing its tem¬ 
perature, or by both. The amount of temperature risd 
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compression is greatly affected by the dimensions, speed, and 
cooling of a compressor. 

’^^Kinds of Compression.—Two common theoretical standards 
of comparison are isothermal and adiabatic compression. In 
practice, compression is never exactly isothermal or adiabatic, 
but in between them (Fig. 382). The power consumed in iso¬ 
thermal compression is equal to the area ABCD; therefore, actual 

compression (dotted curve) con¬ 
sumes more power because the 
heat generated in compression is 
never entirely removed. 

Cooling or loss of heat from 
the air after compression re¬ 
duces the power stored in the 
air and is a direct power loss. 
When air is compressed by the 
usual methods, the intake air 
becomes heated slightly before 
compression begins because the 
compressor parts are hot. This 
heat pickup increases the air^s volume and reduces the weight of 
air discharged by the compressor. 

Good design and operation get further away from adiabatic 
and closer to isothermal compression, chiefly by better cooling 
arrangements, such as the use of more and colder cooling water, 
and multistage compression with intercoolers between stages. 
The latter is most effective, as shown in Fig. 383, where the area 
BCDE is the saving in power effected by two-stage compression. 

The curve AB represents compression in a single-stage machine 
and shows how pressure increases as volume reduces. The 
curve AE, DC represents two-stage compression. The area 
under each curve bounded by the angle AGH represents the work 
done in compressing the air, and the hatched area therefore 
shows the actual saving. 

/isothermal Compression.—Isothermal means constant terrin 
perature. If perfect cooling could keep the air at its starting 
temperature throughout the operation, compression would be 
isothermal, an ideal condition requiring the least power as shown 
by the area ABCD in the compression curve (Fig. 382). Com¬ 
pressing air isothermally doubles its absolute pressure each 



squeezes its riiolocules closer to¬ 
gether. 
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time the volume is halved (Fig. 384). Absolute pressure is 
inversely proportional to the volume. 

'' Adiabatic Compression.—At the other extreme is adiabatic 
compression, which exists when cooling is entirely eliminated. 
During such compression, work delivered by the piston shows up 
as a steadily rising temperature. This temperature causes a 
premature increase in pressure, or, in other words, discharge 
pressure occurs sooner. The cylinders (Fig. 385) explain this 
more clearly. 

Starting with one cu ft of air at 15 psi abs (A) and compressing 
to 30 psi abs (B), we secure this pressure before the volume is 



Fig. 382.—Curves of isothermal and adiabatic compression. 


reduced to one half because of increased temperature. The heat 
of compression produces a tendency for the air to expand even 
while it is being compressed, which causes the early pressure. 
After cooling to the initial temperature C, the pressure is steady 
and the volume reduces to one half. 

Higher temperature of the air during compression propor¬ 
tionally increases the pressure at each point and this, in turn, 
increases the power requirement as shown by the area ABCE in 
Fig. 382. The extra power shows up in the discharge air as 
higher temperature^ but it has no value if the air cools in the 
storage receiver, or during transmission. 

As far as distribution and application are concerned, we need 
not consider whether the air was compressed isothermally or 
adiabatically, because the temperature usually drops or is 
lowered by coolers before the air is used. 
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^ Important Fundamentals. —We know that work is a force over¬ 
coming resistance and is measured in foot-pounds. Energy, 
which exists in a number of forms, is the capacity to do work and 
can also be measured in foot-pounds. Heat, measured in Btu, 
is one form of energy. Power is the rate of doing work, the unit 
being the horsepower, or 33,000 ft-lb per min. Temperature is 
an indication of the direction in which heat will flow if it has the 
opportunity to do so. The internal energy of air depends on its 
temperature. 

Work done in compressing air increases the air^s internal 
energy and raises its temperature. As the compressor cylinder 



Fig. 383.—Economy of two-stago compression. 

and piping are heat conductors, the whole of this heat soon dis¬ 
sipates to surrounding bodies and the air^s internal energy 
gradually returns to its original value as the temperature falls 
to initial value. 

Although 1 lb of air at 1,000 psi and atmospheric temperature 
has no more internal energy than 1 lb at atmospheric pressure and 
temperature, still the energy contained in the air under pressure 
is available for use because this air can expand, suffer a los^ of 
pressure and temperature, and give up a portion of its internal 
inergy. The greater the fall of pressure during expansion, the 
greater the fall in temperature and the greater the amount of 
internal energy available for use. The energy used in compress¬ 
ing air is not actually stored up in the air unless the heat of 
compression is retained. A portable compressor without cooling 


,4 
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facilities furnishing air for immediate use approaches this condi¬ 
tion. This internal energy depends on the temperature alone, 
and the energy that may be available for use depends on the fall 
of pressure and drop in temperature permissible. 


Table 36.—Relation of Pressure Units 


Unit 

Psi 

Lb per 
sq ft 

1 

In. of , 
mercury 

1 

In. of 
water 

Ft of 
water 

Psi. 

1 

144 

2.04 

27.68 

2 31 

Lb per sq ft. 

0.0069 

1 

0.014 

0.19 

0.016 

In. of mercury. 

0.491 

70.73 

1 

13.59 

1.136 

In. of water. 

0 03# 

5.20 

0.074 

1 

0 083 

Ft of water. 

0.433 

62.42 

0.882 

12 

1 


Conditions of Air,— The principal conditions of a given weight 
of air are pressure, volume, and temperature; any change in one 
affects either one or both of the remaining two. Knowing any 
two, the third can be figured for a given weight of air. Here are 
the rules for fixed weight of air: Remember that pressures are 
absolute^ or gage pressure + 14.7 psi; and that temperatures are 
absolute^ or F + 460. 

Boyle^s Law,—If the temperature of a given quantity of gas is 
kept constant^ absolute pressure is inversely proportional to volume; 
converselyy the volume will vary inversely as the absolute pressure. 
This applies only for isothermal changes and means that if the 
volume is doubled its absolute pressure will be halved. The 
formula is 

= ^* 1 ^ 1=^272 ( 1 ) 

where Pi and P 2 == the initial and final absolute pressure, 
respectively, in any pressure unit, but both must be in the same 
unit. 

Fi and Fa = the initial and final volumes, respectively, in any 
unit, but both must be in the same unit. 

Rearranging the formula 

PiFi 

P 2 = (final pressure absolute) (2) 

V% » (final volume) (3) 
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Example, —A given weight of air occupies 3 cu ft at 30 psi. What will it 
pressure be if compressed to 1.5 cu ft at the same temperature? 

Solution 30 + 14.7 = 44.7 psi abs 

44 7 y 3 

Then ——— = 89.4 psi abs, or 74.7 psi gage (Fig. 384) 



halved. 

Charleses Law. — a. If the pressure on a given quantity of gas is 
held constant^ the voluim is directly proportional to the absolute 
temperature. The formula for this law is 


h 




(4) 


where Vi and F 2 = the initial and final volumes, respectively, 
in the same measuring unit. 

Ti and T 2 == the initial and final absolute temperature, respec¬ 
tively, expressed in the same temperature unit. 

Rearran^ng the formula 

F 2 = (final volume) (5) 

Ti = (final temperature) (6) 

Example. —Given 1,000 cu ft of air at atmospheric pressure and 70 F, 
what will the volume be at the same pressure and 200 F? 

Solution, —First absolute temperature is 70 + 460 «= 530 F. Second 
absolute temperature is 200 -f- 460 *= 660 F. 

1,000 X 660 
630 


Then 


1,245 cu ft final volume (Fig. 336) 
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Charleses Law, — b. If the vohime of a given quantity of gas is 
held constant^ the pressure is directly proportional to the absolute 
temperature. The formula for this law is 



Rearranging the formula 

A = (final pressure) (8) 

11 

T P 

^2 = (final temperature) (9) 

j I 

Example ,—Start with 240 cu ft of air at atmospheric pressure and 60 F 
(Fig. 380). What will the pressure be if the final temperature is 700 F? 

Solution .—First absolute temperature is 460 -f 60 = 520 F. Final 
absolute temperature is 460 -f 700 = 1,160 F. 

mi, 14.7X1,160 ooo • U 10 1 • 

Then -~ = 32.8 psi abs, or 18.1 psi gage 


Combining Boyle’s and Charles’s Laws. —The formula that 
combines these laws and applies for a given weight of any gas is 


PiFi _ P2V2 

T 2 


(units same as other formulas) 


Rearranging the formulas 
P 2 = 


F3 = - 


PiViT2 
F 2 T 1 
P1V1T2 


P2Ti 
P 2 V 2 TI 
PiVi 


(final pressure abs) 
(final volume) 
(final temperature) 


( 10 ) 


(11) 

( 12 ) 

(13) 


Example ,—compressor (Fig. 387) that has a clearance volume of 20 
cu in. and a displacement of 1(X) cu in., draws in a cylinder full of air at 
atmospheric pressure and 60 F. The air completely fills the cylinder and 
clearance and is then compressed into the clearance volume. The final 
pressure as registered on a gage is 196.3 psi. What is the final temperature? 

Solution.—Ti = the unknown. Ti = 60 -h 460 = 620 F abs. 


Pi = 14.7 psi abs. 

P 2 « 196,3 4- 14.7 « 211 psi abs. 

VI = piston displacement (100 cu in.) 

+ clearance volume (20 cu in.) » 120 cu in. 
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= clearance volume, 20 cu in. Now, using Eq. (13) 


211 X 20 X 520 
14 7 X 120 


1,244 F abs 


or 


1,244 - 460 = 784 F 


Air Constant.—^According to Boyle^s law, if P represents the 
pressure and V the volume of 1 lb of air at any temperature, the 
product of PV = a constant. According to Charleses law, if T 
represents an absolute temperature, the volume V varies directly 
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Fig. 385.—Premature pressure rise caused by temperature rise. {Courtesy of 

Power.) 


as T varies; also the pressure P varies directly as T varies. From 
PV 

this we can state = a constant represented by i?. 


Then =* R (a constant) (14) 

transposed PV — RT. 

If the value for R and any two of the quantities P, F, or T be 
known, the third is easily found, as 


P 


RT 

V 



T 


PV 

R 


where P = lb per sq ft. 

F - eu ft. 

As the volume of 1 lb of air at 32 F and 14.7 psi is 12.39 cu ft 
(TaUe 35) we find R as follows: 


R * 


14.7 X 144 X 12.39 
492 


53.3 
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2’ == temp abs. 

Specific Heat of a Substance. —The specific heat is the amount 
of heat required to increase the temperature of 1 lb of a substance 



Fio. 386.—At constant pressure, volume varies directly with absolute tempera¬ 
ture. {Courtesy of Power.) 


by 1 F. When dealing with air, the specific heat at constant 
pressure Cp and constant volume Cv is frequently used in com- 
pr^sion calculations. 

'^Specific Heat at Constant Volume. —By Charleses law (6) the 
pressure of a given weight of gas, when heated at constant volume, 
varies directly as its absolute temperature. When a gas does 
not expand, its volume remains the same and no external work 
is done* Therefore, all the heat added to a gas at constant 
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volume is effective only in raising its temperature. The specific 
heat of air at constant volume Cv is 0.1689 Btu per lb, or the amount 
of heat required to raise the temperature 1 F (Fig. 388). 

V Specific Heat at Constant Pressure. —A gas requires more heat 
to raise its temperature 1 F at constant pressure than at constant 
volume, because at constant pressure the gas can expand and do 
useful work. The heat added must be sufficient to raise the gas 
temperature as well as to supply energy equal to the external 
work done. The specific heat of air at constant pressure Cp is 
0.2375 Bin per Ih. 

^ Heat Expended in External Work. —If 0.1689 Btu raises the 
gas temperature 1 F at constant volume and if 0.2375 Btu raises 
the temperature 1 F and furnishes energy for external work done 
at constant pressure, then 0.2375 — 0.1689 = 0.0686 Btu, the heat 
expended in the external useful work. 

Since 1 Btu = 778 ft-lb, then 778 X 0.0686 = 53.3 ft-lb of 
mechanical work done by the expansion of 1 lb of air at constant 
pressure when its temperature is increased 1 F. 

Air expands of its volume for 1 F rise of teinperature from 
32 F; on cooling, it contracts the same amount up to liquefaction. 
One lb of air at 32 F and 14.7 psi occupies 12.39 cu ft. If heated 
to 33 F, the pressure remaining constant, according to Charleses 
12.39 

law, 0-0252 cu ft volume increase. 

Table 37.— Effect of Intake Temperature on Capacity 
Intake volume required to produce 1,000 cu ft of free air at 70 F 


Temp of 
intake, F 

Relative intake 
volume required, 
cu ft 

% hp saved 

30 

925 

7.5 

40 

943 

5.7 

50 

962 

3.8 

60 

981 

1.9 

70 

1,000 

0.0 

80 

1,019 

-1.9 

90 

i 1,038 

-3.8 

100 

1,057 

-5.7 

no 

1,076 

-7.6 

120 

1,095 

-9.5 


Courtesy of IngereoU-Rand Co. 
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Suppose this heating and expansion takes place in a cylinder 
(Fig. 389) fitted with a weightless, frictionless piston having a 
face area of 1 sq ft. Then the cylinder length will equal the air 
volume and the volume increase can be measured along the 
cylinder axis. Atmospheric pressure 14.7 X 144sqin. = 2,116.8 
lb total load on the piston moving through 0.0252 ft. Then, 




Fig. 387.—Compressing air adiabatioally to 5 per cent of its original volume 
raises its tempeiature to 784 F. 


2,116.8 X 0.0252 = 53.3 ft-lb of work done, which is the value 
of factor R shown in Eq. (15). 

^/Compression Constant. —Because of the external work done, 
Cp is greater than the ratio of these two specific beats, 


Cp 

C. 


1.406, a constant used to represent true adiabatic compres¬ 


sion of dry air. Because moisture in air changes the specific-heat 
value sUghtly, this constant reduces to 1,3947 when compressing 
m of 36 per cent relative humidity at 68 F. 
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General Equation.—To make Eq. (15) general and applicable 
to any weight W of air the equation becomes 


transposing 


PV = If 53.3 r 


lf53.3r 

V 

53.3 


V = 


Tf53.3r 

P 


T = 


PV 

53.31f 


^ W- 
WT 53.3T 


(16) 


where P = absolute pressure, lb per sq ft. 
V = volume, cu ft. 

T = absolute temperature, F. 

TF = lb of air. 


Example .—A 100 cu ft capacity tank (Fig. 390) holds air at 150 psi with a 
temperature of 85 F. What weight of air is in the tank? 

Solviion 


(150 -f 14,7)144 X 100 
53 3(85 -h 460) 


81.5 lb » 


Example .—If a compressor then forces additional air into the tank men¬ 
tioned above until its pressure reads 200 psi, how much air did the com¬ 
pressor supply? The air temperature remains the same. 

Solution 


(200 + 14.7)144 X 100 
53.3(85 + 460) 


« 106.4 lb 


Then 106.4 — 81.5 = 24.9 lb. Suppose the intake air is 32 F with a 
volume of 12.39 cu ft per lb, giving 24.9 X 12.39 = 308.5 cu ft. If it 
required 10 min for the compressor to supply this quantity it was compressing 


308.5 

10 


30.8 cfm 


Example .—What volume will 1 lb of air at 150 psi and 150 F occupy? 
Solution 


5?.3(150 + 460) 
(150 -h 14.7)144 


1.37 cu ft 


When using Eq. (16), pressure in psi must be multiplied by 144 
(Table 36) to convert to lb per sq ft. 

Since, in Eq. (16), P = psi X 144, the equation can be written 
psi 144F = lf53.3!r. Dividing both sides by 144 gives 


psi V *= Tf0.37r (pressure in psi) (17) 
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Example .—What is the volume of 300 lb of air at 100 F and 200 psi gage? 
Solution 


0.37 X 300(100 -h 460) 
(200 + 14.7) 


= 289 cu ft 


Engineers’ Practical Formula.—The general gas law (perfect 
gas) expressed by Eqs. (16) and (17) recognizes in one equation 



Fig. 388.—Amount of heat required to raise the temperature of a constant volume 

of air 1 F. 


every property of a given gas that may change. This important 
equation may be used to solve the many problems found in com¬ 
pressor operation that involve steady state conditions of the 
pressure, volume, and temperature where PV = a constant. 

Equations involving changing conditions that occur during 
the actual expansion or compression of air, where the pressure, 
volume, and temperature vary during the process, require the 
use of an exponent PV^ — & constant. The exponent n is the 


ratio of specific heats ^ 


p _ 


n = 


0.2375 


Q 2 ggQ = 1.406 for dry air. 


For normal air in a temperate climate the equation for adiabatic 
compression is = a constant. Figure 385 explains why 

the PV = constant (isothermal) relationship does not hold true 
during adiabatic compression when the gradually increasing 
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pressure, coming from reduced volume, increases prematurely 
because retained heat is affecting the pressure. 

The pressure-volume-temperature relation for a perfect gas 
during adiabatic change is 


transposing. 

Pa = Pi ( 

PiV? = 

FiV’* 

72 / 

-p^vi 

V 0.718 

(18) 

II 

p<0.283 

Pi/ 


f 

\ 0.397 


P 2 = Pi ( 

y y.52 

tJ 


/ 

^ 2.62 


where P and V = the 

absolute 

pressure and 

volume. 

respec- 


tively, of the gas at any point along the path, 
in any units. 


Pi and P 2 = the absolute pressure at a first and second 
instant, respectively, during ithe condition 
change, in any units. 

VI and F 2 = the volumes of the gas at the same first and 
second instants respectively, during the con¬ 
dition change, in any units. 

Ti and T 2 = respectively, the absolute temperature of the 
gas in any units. 

Example .—A compressor has a cylinder volume (including clearance) of 
100 cu in. and a 10-in. stroke. With intake at atmospheric pressure of 
14.7 psi, lay out the adiabatic-compression curve for one stroke of the piston. 

Solution ,—First lay off the cylinder volume (Fig. 391) along zero pressure 
line ahj dividing the length into 10 equal parts. Erect the perpendicular 
pressure line ca representing the extreme end of cylinder. Then, using 
Eq. (18) 



whefe Pi 14.7 psi abs 
Fi ~ 100 cu in. 

P 2 « unknown. 

Find the resulting pressure at the first point along the stroke (90 cu in. volume 
point) 

P2 « Pi(W)^‘*® 

breaking the equation down, 100 4- 90 *= 1.11. From logarithm tables the 
log ofl.ll »» 0.0453, and 0.0453 X 1.39 « 0.06296. Now find the number of 
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which this IS the logarithm, from tables this is 1 156, hence (W)^ 39 == 1 156, 
and F 2 = 14 7 X 1 156 = 17 0 psi abs 

Find the other points with the same equation, which gives 80 cu in 
point = 20 psi, 70 cu in point = 24 1 psi, 60 cu in point - 30 3 psi, 50 cu m 
point = 38 7 psi, 40 cu in point = 52 5 psi, 30 cu in point = 78 2 psi, 
20 cu in. point == 138 0 psi, 10 cu m point = 360 psi The exponentia 



Fig 389.—Amount of heat required to raise the temperature of air at constant 

pressure 1 F 


curves (Fig 392) may be used instead of logarithm tables Find the 
quotient of the factors inside parantheses, then from the base-lme number 
follow up to the fractional exponent curve and read the result on the left 
scale Then mifttiply Pi by the result. 

Sffect of Intake Temperature. —compressor of a given size 
will handle its given rating in cfm regardless of the temperature 
of the intake air. With a higher starting temperatuie the air 
under compression reaches its discharge pressure earlier in the 
stroke so that the compressor discharges more than rated capacity 
in cfm. This is actually possible with compressors not equipped 
with aftercoolers when the air is used in tools immediately after 
compression. 
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Fig. 390.—Compressor capacity can be determined by compressing air into a 
tank of known volume. 


Table 38.— Relative Volume of Free Air at 14.7 psi for Air at Various 

Pressures 


Gage 

pressure, 

psi 

Cu ft of free air per 
cu ft of compressed 
air (ratio of 
compression) 

Cu ft of compressed 
air per cu ft of free 
air 

10 

1,68 

0.595 

20 

2.36 

0.424 

30 

3.04 

0.329 

40 

3.72 

0.269 

60 

4.40 

0.227 

60 

6.08 

0.197 

70 

6.76 

0.173 

80 

6,44 

0.156 

90 

7.12 

0.140 

100 

7,80 

0.128 

no 

8.48 

0.118 

120 

9.16 

0.109# 

130 

9.84 

0.102 

140 

10.62 

0.095 

160 

11,20 

0.089 

160 

11.88 

0.084 

170 

12.55 

0.080 " 

180 

13,23 

0.076 

190 

13.93 

0.071 

200 

14.60 

0.068 
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As the majority of compressor installations include an after¬ 
cooler, high-temp eratu re intake as 

shown in Table 37. Since the air pressure rises prematurely, 
(Fig. 385JB) the piston must act against it longer, consuming 
additional power. The discharge air then passing through the 
aftercooler loses its heat and false pressure to become a smaller 
volume (Fig. 385C) of air at the distribution pressure. 


Example ,—Assume a compressor with an aftercooler and a 200 cu ft air 
receiver to furnish air at 100 psi. The aftercooler is capable of cooling the 
discharge air to 70 F if reasonably cool intake air is used. The intake comes 
from a heated engine room 40 F above the outside temperature and this 
additional temperature carries through the aftercooler, making the receiver 
air 110 F. If the air must stand in the receiver until it cools to 70 F, what 
is the loss in pressure? 

Solution ,—From Eq. (8) 


P2 = 


PxTt 


Ti 

. (100 -f 14.7)(460 + 70) _ 114.7 X 530 


460 + 110 


570 


= 92.3 psi gage, or 7.7 psi loss of pressure 


Example .—Suppose the receiver of the compressor in the previous example 
was fitted with a weighted piston that would maintain full pressure while 
the air cooled. What would the loss in volume be? 

Solution ,—^From Eq. (5) 

V1T2 


V2 


or 


then 


200(70 -b 460) 


Ti 

200 X 530 


= 186 cu ft 


no 4- 460 570 

200 — 186 = 14 cu ft of air at 100 psi gage. 


With a compression ratio of 7.8, 14 X 7.8 ~ 109 cu ft of free air that the 
compressor must supply. 

^Ratio of Compression. —The absolute ratio of compression is 
the ratio of final pressure to initial pressure and is expressed as 
P2 

pT* Both pressures must be stated in absolute values. 


Example .—An air compressor takes in atmospheric air at 14.7 psi and 
compresses it to 100 psi gage pressure. What is the compression ratio? 
Solution 

100 psi + 14.7 =114.7 psi abs. 

Then 114.7 4- 14.7 (initial pressure) =* 7.8, the absolute ratio of compression. 

"When ratio of compression is known, the output of a com¬ 
pressor at discharge pressure can be computed. Assume a 
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compressor with a free-air capacity of 500 cfm and a compression 
ratio of 7.8. Since the pressure is increased 7.8 times, the volume 
must have been reduced to 1/7.8, or 0.128. Then 500 cfm of free 
air becomes 500 X 0.128 = 64 cfm discharge at 100 psi gage 
pressure. This shows that every cubic foot of intake air is com¬ 
pressed to 0.128 cu ft when it reaches the air receiver after being 
cooled to its initial temperature in the aftercooler. Table 38 
gives compression ratios, based on 14.7 psi atmospheric pressure, 
and the volume of the air compressed to various gage pressures. 



Fig. 391.—-Adiabatic compression curve constructed with Eq. (18). 

The curves (Fig. 393) give compressed-air volume referred to 
atmospheric air at 14.7 psi abs and 60 F as 1.00. Curve A shows 
how a given volume decreases by compression when constant 
temperature is maintained, and B shows how volume increases 
with temperature increase at constant pressure. 

Example .—Suppose 200 cfm (measured at 60 F and 14.7 psi abs) is com¬ 
pressed to 90 psi gage and its temperature is 260 F. What is the final 
volume? 

Solution. —1.00 volume factor = 200cfm. Volume factor at 90 psi « 0.14. 
Volume factor at 260 F = 1.38. 

Then 200 X 0.14 X 1.38 ~ 38.75 cfm, the volume at 90 psi and 260 F. 

When the compression ratio in any one stage exceeds four or 
five, air-temperature rise becomes excessive, resulting in appreci¬ 
able power loss. Dividing compression into two or more stages, 
with intercooling between, eliminates part of this loss. Assume 
a final pressure of 100 psi abs reached in one stage of compression; 
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the discharge temperature would be approximately 430 F. The 
same total compression ratio, carried out in two stages, results 
in a maximum temperature in each stage of 250 F if intercooling 
lowers the temperature of the first-stage discharge to its initial 
value. Dividing compression into stages reduces power input 
only if cooling takes place between stages. A closer approach 
to ideal isothermal compression by this temperature reduction 
is the real reason for staging. Thus, only the combination of 
multistaging and intercooling gives increased economy in com¬ 
pressing air. This makes an appreciable saving on compressors 
installed at high altitudes* 

Density of a Gas. —The density of a substance varies with its 
temperature or rath any other property that affects its volume. 
With gas the density depends on pressure and temperature (Fig. 
394). The general gas-law formula for density is 

^ (lb per cu ft) (19) 


Where D = density, lb per cu ft. 

P = absolute pressure, lb per sq ft. 
T = absolute temperature, F. 

R = gas constant (for air, 53.3). 


Example ,—If the density of air is 0.18 lb per cu ft when under a given 
pressure at 60 F, what will its density be when under the same pressure but 
at 1,200 F? 

Solution ,—By Eq, (19) 


or 


0.18(60 + 460) 
1,200 + 460 




DiFi 


T2 

qj8^ 520 
1,660 


0.0563 lb per cu ft. 


Air Has Weight—Air at 67 F occupies about 13.25 cu ft per 
lb at sea level. It follows that if we climb to elevations above 
sea level, atmospheric pressure will become less, decreasing at the 
rate of about 0,5 psi for every 1,000-ft rise. The scale (Fig. 395) 
gives atmospheric pressure at any elevation from 5,000 ft bdow 
sea level to 25,000 ft above. 

Since the atmospheric pressure decreases at altitudes above sea 
level, it follows that a cubic foot of air weighs less at higher 
elevations than at sea level. The curves in Fig. 396 show the 
difference in weight, or in the actual quantity of air handled at 
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the different elevations. Thus, to take the extremes, a cu ft of 
air at sea level and 60 F weighs 0.0764 lb, while a cu ft at an 
elevation of 15,000 ft and the same temperature weighs 0.0431 lb, 
or only 56 per cent of the former. 

In compressing this air to 100 psi gage the compression ratio 
at sea level would be 

100 + 14.7 
14.7 


while at 15,000 ft it would be 


100 + 8.29 
8.29 


13.06 


Each cubic foot would have to be reduced in the first case to 
i or 0.128 cu ft, and in the latter to iV or 0.076 cu ft, assuming 
the same discharge temperature in both cases. 



0 0.20 0.40 oeo 0.80 100 1.20 1.40 1.60 1.80 

Volume Factor 

Fio. 393.—Compressed-air volume referred to changing pressure and tempera¬ 
ture. (Courtesy of AUia-ChalmerB Manufacturing Co.) 

'/Effect of Intake Pressure.— When discussing compressor dis¬ 
charge capacity, initial as well as discharge pressure is important. 
The problem just discussed shows how low intake pressure can 
reduce actual output. The adiabatic curves B and C (Fig. 397) 
show this effect quite clearly. Curve B starts at (X) with a 
eyhnder full of air at 10 psi abs. The piston must move to the 
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74 per cent volume line (arrow) before the entrapped air pressure 
rises to the normal atmospheric pressure of 14.7 psi. 

Conditions similar to this occur on compressors located at sea 
level when the intake passages restrict air flow so that the cylinder 
is filled with air which is considerably below atmospheric pressure 
when the piston is ready for its compression stroke. 

As atmospheric density decreases at high altitudes, a compres¬ 
sor takes in a smaller weight of air at each stroke. Because of 
lower atmospheric pressure, part of the compressing stroke is 
occupied in compressing air of this density up to atmospheric 
pressure at sea level. As temperature increases with the ratio 
of compression, more heat results at high altitudes than at sea 
level when compressing to a given pressure. This high tempera¬ 
ture temporarily increases the air pressure while under compres¬ 
sion, and more power is required to compress and deliver a given 
quantity of air. 

A study of the curves (Fig. 398) will show the difference in the 
final temperature of air compressed from different intake pres¬ 
sures to the same final pressure. Air at 50 F and 14.7 psi abs 
compressed to 114.7 psi abs has a final temperature of 455 F. 
See what happens with a lower intake pressure. Air at 50 F and 
10 psi abs compressed to 110 psi has a final temperature of 540 F 
(compression to the same gage pressure). 

The amount of work done can be determined from the left 
(enthalpy) scale. The inlet air in both cases contained 122 
Btu. In the first instance the air was compressed to 114.7 psi 
abs, showing a final heat content of 214 Btu. The difference 
214 — 122 = 92 Btu added to the air. Suppose we were 
compressing 100 lb per hr. Then the work of compression is 
92 X 100 = 9200 Btu per hr. The theoretical horsepower 
required is 9,200 2,545 (equivalent of 1 hp) = 3.6 hp. In 

the same maimer we find the work of compression in the second 
instance tq be 4.7 hp, or a difference of 4,7 ~ 3.6 == 1.1 hp 
greater. 

The volumetric efficiency is also less at high altitudes because 
the clearance air expands to the lower atmospheric pressures 
and, consequently, when expanded occupies a larger volume of 
the cylinder. 

Dry Air.^—^The foregoing rules and formulas for dry air are, 
for many purposes, close enough for normal air that contains 
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moisture. However, moisture vapor occupies volume in the 
compressor cylinder, has work done upon it by the piston, and 
then condenses out in the aftercooler. This condensing out indi¬ 
cates an apparent lack of air-output capacity in the compressor. 
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Fig, 394.—Specific weight and volume of air at different pressures and tempera¬ 
tures. {Courteay of Power,) 


Example .—One lb of atmospheric air at 70 F and 70 per cent relative 
humidity occupies a volume of 13.59 cu ft, 0.24 cu ft of this volume being 
moisture vapor. What is the percentage of moisture vapor present? 

Solution 

0.24 -J- 13.59 = 0.017, 

or 1.7 per cent moisture vapor in every cubic foot of air taken in by a 
coml)res8or, 

Air and Moisture.—^The mixture we call the atmosphere con¬ 
sists mainly of oxygen, nitrogen, and water vapor, other gases 
being present in small quantities. Since an air compressor can¬ 
not separate moisture from its intake air, let us see bow this 
water vapor affects the delivered product. To avoid confusion, 
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remember that air or atmosphere means the mixture occupying 
space over the earth^s surface. 


Table 39.— Properties of Saturated Steam 


Temp, F 

Pressure, 
psi abs 

Volume, 
cu ft per lb 

Density, 
lb per cu ft 

32 

0.0885 

3,306 

0.000302 

35 

0.0999 

2,017 

0.000339 

40 

0.1217 

2,444 

0.000409 

45 

0.1475 

2,036 

0.000491 

50 

0.1781 

1,703 

0.000587 

55 

0.2141 

1,430 

0.000700 

60 

0.2563 

1,206 

0.000828 

65 

0.3056 

1,021 

0.000980 

70 

0.3631 

868 

0.001150 

75 

0.4298 

740 

0.001350 

80 

0.5069 

633 

0.001573 

85 

0.5959 

543 

0.001840 

90 

0.6982 

468 

0.002134 

95 

0.8153 

404 

0.002471 

100 

0.9492 

350 

0.002858 


Reprinted by i>erniission from Keenan and Keyes. “ Thermodynamic Properties of 8team/‘ 
John Wiley & Sons. Inc., New York. 1936. 


How Moisture Gets in the Air.—Evaporation is occurring 
about US continually. Water left in an open vessel or that 
standing in open reservoirs gradually disappears into the atmos¬ 
phere. This occurs at all temperatures, provided the space in 
contact with the liquid does not contain a saturated vapor of the 
liquid, because molecules of all substances at temperatures above 
absolute zero are in continuous motion. In a liquid, the molec¬ 
ular motion is rapid and occurs throughout the entire body, and 
the molecules collide continually with each other. Because of 
these impacts, some molecules attain speeds much greater than 
the average velocity of those in the mass. If these higher speed 
molecules happen to be near the liquid surface, they project out 
into space and exert a part of the observed pressure on the earth’s 
surface. 

If an open dish of water is placed in a sealed glass jar (Fig. 399), 
only a portion of the. water will evaporate, the balance remaining 
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in the dish for an indefinite length of time. The reason for this 
behavior dissimilar to that in open air is the difference between 
the vapor pressure inside the sealed container and the pressure 
exerted by vapor in free air. 

^ When a vapor is saturated, there is an equi¬ 
librium between the vapor pressure and the 
pressure exerted by the liquid, i.c., as many 
7 molecules return to the water as leave it. A 
vapor confined in a closed vessel may and will 
become saturated, provided that a portion of 
® ^ the liquid remains in the vessel. But a vapor 
J which is unconfined or free in the open atmos- 
9 phere cannot become saturated because the 
vapor molecules diffuse, seep away through 
space, and are wafted away by air currents. 

^ The term vapor pressure means the pressure 
exerted only by the steam or vapor having the 
3 same temperature as the water. The vapor 
12 ^ pressure of water is the controlling factor in the 
^ evaporation or condensation of moisture; sur- 
*5 J rounding air pressure does not aid or prevent 
w it. For this reason we can evaporate water 
J into the atmosphere even though the tempera- 
>5^ ture never approaches 212 F (the boiling point 
16 of water at atmospheric pressure at sea level). 
Take two barometer tubes A and B (Fig. 400) 
and with a bent tube inject a little water into 
the lower end of B under the mercury, taking 
care not to admit air. The water rises through 
the mercury, collects on the top IT, and some 
tion^of vapoiizes, imtil the top of the tube is filled 

pressure to aiti- with water and saturated water vapor. The 
column of water and mercury in tube B now 
stands at a lower level than the column in tube 
A, showing that the water vapor exerts a pressure that pushes the 
mercury column down. If the tube containing water is now 
heated, the column falls still more, as at 0, showing that increased 
temperature evaporates more water and increases the vapor 
pressure. 
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Behavior of Mixtiires.—Air containing moisture behaves in 
accordance with Dalton^s law on the mixture of gases, f e., each 
gas or vapor exerts its own pressure, and the total pressure of the 



Fig. 396.—Weight of air at various elevations and temperatures. 
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mixture is the sum of the pressures exerted by the gases inde¬ 
pendently. Thus, consider atmospheric air at 80 F, saturated 
with moisture. Pressure exerted by the vapor will be the 
saturated-steam pressure at a temperature of 80 F, which is, 
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according to Table 39, 0.5069 psi abs. Therefore, if the total 
atmospheric pressure is 14.7, pressure exerted by the air must be 
14.7 — 0.5069 = 14.19 psi. If, instead of being saturated, the 
relative humidity of the air is 70 per cent, then the pressure 
exerted by the vapor is only 0.7 X 0.5069 = 0.3548, and the 
pressure exerted by the air would be 14.7 — 0.3548 = 14.3452 
psi. Actually, the same evaporation or condensation of water 
would take place if there were no air present and the process took 
olace in a closed vessel under vacuum. 

No such thing as dry air exists in nature. When air is described 
as dry, relatively dry is usually meant. The capacity of air to 
contain moisture depends upon its temperature and volume and 
not materially upon its pressure. The higher the air tempera¬ 
ture, the greater the amount of water vapor that will be evap¬ 
orated. There is a limit to the amount of moisture that can be 
present in a given volume of air at any given temperature. 
When this limit is reached, the air is said to be saturated or to 
have 100 per cent relative humidity. 

Moisture Saturation.—A saturated vapor is any vapor that 
cannot have heat abstracted from it or be compressed at constant 
temperature without partially condensing. Steam in a boiler in 
contact with water is a good example of saturated vapor and as 
such is called saturated steam. This, in effect, is what we have 
when the relative humidity is 100 per cent; the space containing 
air also holds saturated water vapor. Removing this saturated 
vapor from contact with water and heating it lowers the relative 
humidity and superheats the vapor. 

If water is first evaporated in a closed vessel (a) (Fig. 401), 
steam 'will form at (b) and remain saturated until at (c), when all 
water disappears; adding more heat (d) superheats the steam. 
Superheating means that the temperature of the steam is raised 
above the point at which it was evaporated. 

It is impossible to superheat steam in the presence of water, 
because all of the heat supplied only evaporates more water; 
the temperature of the water and steam remains constant at the 
boiling point until the last of the water has evaporated. Steam 
can be superheated only by separating it from the water as it 
forms. This is th© condition existing in the atmosphere when 
the relative humidity is below 100 per cent; the water vapor or 
^team present is in a superheated state. 
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Energy of Superheated Vapor.— Superheated vapor contains 
more heat energy than that required merely to maintain the 
substance in the vapor condition. It contains the additional 
heat required to raise the temperature of the vapor above the 



En+ropy-Btu per Lb. per Degree Fx25 

Fig. 398. —Heat-temperature-entropy chart for air. {Courtesy of Allis^Chal- 
mere Manufacturing Co,) 

temperature corresponding to its pressure. Superheated vapor 
is not in thermal equilibrium with the liquid, because if it is 
brought in contact with the liquid it will give up enough heat to 
vaporize the liquid. If the superheat is not sufficient to vaporize 
all the liquid, the vapor will give up all its excess heat, vaporize 
part of the liquid, and will return to the saturated state. 


Temperature - Deg. 
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Table 40.— Explanation of Symbols on Page 441 
Pi = absolute pressure at pipe entrance, lb per sq ft abs 
pz = absolute pressure at pipe exit, lb per sq ft abs 
/ == length of pipe, ft 
d = diameter of pipe, ft 
F - velocity at entrance, ft per sec 
V — specific volume at entrance, cu ft per lb 
g — gravitational acceleration, 32 2 ft per sec per sec 
H = absolute or dynamic viscosity, lb-sec per sq ft 
/ = pipp-friction factor 

B — ratio of pressure drop to entrance pressure 
Nr = Reynolds number 

While saturated vapor can have only one temperature and 
density for a given pressure, superheated vapor can have any 
temperature above the boiling point and any density less than 
that of saturated vapor, for a given pressure. The amount of 



Fig. 399. —Saturated space. 

superheat in a vapor is the difference between its temperature 
and that of saturated vapor at the same pressure. Thus, vapor 
that has a temptrature 20 F higher than saturated vapor would 
have at the same pressure is said to contain 20 deg of superheat. 

In order to condense superheated steam, it must first be cooled 
down to the saturation temperature corresponding to its pressure. 
After desuperheating, further removal of heat results in conden¬ 
sation. For instance (Table 39), the boiling point, or, rather, 
the condensing temperature, of steam at 0.21 psi abs is 56 F. 
If steam at this pressure happens to be at a temperature of 80 F, 
it is superheated. This superheated steam can be cooled down 
to a temperature slightly above 56 F without any moisture 
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appearing. However, if the steam is cooled below 55 F, a Glm 
of water will appear on the cooling surface as the now desuper¬ 
heated steam begins to condense. It is a little hard to imagine 
the ordinary atmosphere at 70 F as a mixture of dry air and 
superheated steam at this temperature, but 
that is what it is. 

Relative Humidity of the Air.—^Less than 
100 per cent relative humidity exists when the 
atmosphere contains less than the maximum 
vapor possible at its temperature. For ex¬ 
ample, cooling a given volume of air having 65 
per cent relative humidity reduces its capacity 
to carry moisture; if sufficiently cooled, it 
reaches 100 per cent relative humidity or 
vapor saturation. The temperature produc¬ 
ing 100 per cent relative humidity is known as 
the dew point, because moisture starts to con¬ 
dense with any further cooling. Fog and dew 
are atmospheric moisture cooled below the 
dew point and condensed on dust particles or 
vegetation. Conversely, heating air at 100 
per cent relative humidity lowers its relative 
humidity and makes it capable of carrying 
more vapor. This is true even though the 
weight of vapor in a given volume of air re¬ 
mains constant. 

Relative humidity is usually determined by 
means of wet- and dry-bulb thermometers. 

Two thermometers fastened to a frame are 
placed in a current of air or moved rapidly by 
hand through still air. The bulb of one ther¬ 
mometer is covered with a cotton wick soaked pressure lowers mer- 
with water while taking the temperature read- column, 
ings. If the air is not saturated, evaporation takes place on the 
wet bulb, lowering its temperature by extracting latent heat 
from the water. The lower temperature of this thermometer 
is a measure of relative humidity. 

The rate of evaporation of water, which determines the wet- 
bulb reading, depends upon the amount of moisture (steam) 
already in the air. If the air is saturated, none of the water on 
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the wick will evaporate, and the wet-bulb temperature will be 
the same as that of the dry bulb. If the atmosphere is not 
saturated, evaporation from the wick lowers the wet-bulb tem¬ 
perature because of its cooling effect. 

Consider an open pan of water standing in a room. From 
readings obtained by two thermometers the room^s relative 
humidity can be determined on the psychrometric chart (Fig. 
402). For example, if the dry-bulb thermometer shows 80 F 
and the wet-bulb 58 F, join 80 on scale 1 to 58 on scale A and 
extend the line to scale B which shows the dew point to be 40 F. 
Then from 80 on scale 1 draw a line through 40 on scale 2 to 
scale 3, which gives the relative humidity as 24. 
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steam steam 

Fig. 401.—Continued heating after liquid disappears superheats the vapor. 

Although the water temperature ahould theoretically fall to the 
wet-bulb temperature of the room air, it will probably assume a 
temperature closer to the dry-bulb temperature. Suppose the 
water assumes a temperature of about 65 F, Pressure exerted 
by the water vapor in the atmosphere depends only upon its 
dew-point temperature. Vapor pressure, corresponding to a 
dew-point temperature of 40 F, is 0.1217 psi. At the same time, 
as the temperature of the water is 65 F, its vapor pressure is 
0.3056 psi. The vapor pressure of the water is higher than the 
pressure of vapor in the air. This difference in pressure causes 
vapor to diffuse from the water surface into the space above it. 
Eventually, the vapor pressure in the space above the liquid may 
increase to a point where it is equal to that of the liquid, and no 
further evaporation takes place. 

From the foregoing it is apparent that the sole rule as to 
whether evaporation or condensation of moisture will take place 
is the relation between the dew-point temperature of the air 
and the temperature of the water in contact with the air. If 
the water temperature is higher than the air's dew-point tern* 
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perature, evaporation of moisture will take place. On the other 
hand, if the water temperature is lower, condensation will occur. 
V Action in a Compressor.—Clearly, all moisture in a correctly 
operated compressed-air system comes from the atmosphere; the 
next step is to see what occurs in the compressor. So far, it has 
been assumed that the volume of air involved did not change. 
In the compressor cylinders, however, volume is reduced. In 
this respect a further statement applies: The amount of moisture 
that air can hold at a given temperature varies in proportion to 
its volume. 

For a given temperature, 1 cu ft of air can hold only a definite 
weight of moisture. Thus, if a given volume of completely 
saturated air is compressed to one fifth that volume, and then 
cooled to the initial temperature, the moisture-holding capacity 
decreases and as a result four fifths, or 80 per cent, of the moisture 
must condense out. Here, cooling to initial temperature 
destroys the air^s capacity to hold the initial quantity of vapor. 


Table 41.— Pipe Sizes and Materials for CurVes in Fig. 412 


Use 

curve 

No. 

Clean steel, 
wrought 
iron, in. 

Clean gal¬ 
vanized 
iron, in. 

Best cast 
iron, ce¬ 
ment, light 
riveted 
sheet ducts, 
in. 

Average 
cast iron, 
rough-form¬ 
ed concrete, 
in. 

First-class 
brick, heavy 
riveted, in. 

3 

14-42 

30 

48-96 

96 

220 

4 

6-12 

10-24 

20-48 

42-96 

84-204 

5 

4- 6 

6 - 8 

12-16 

24-36 

48- 72 

6 

2- 3 

3- 5 

5-10 

10-20 

20- 42 

7 

li 

2 i 

3- 4 

6 - 8 

10 - 18 

8 

1 -li 

li- 2 

2 - 2i 

4- 6 

10- 14 

9 

i 

li 

li 

3 

8 


Therefore, compressing 100 cu ft of air to 50 cu ft with no 
change in temperature cuts its moisture-carrying capacity in 
half. Or, if the original 100 cu ft was at 50 per cent humidity, 
the final humidity will increase to 100 per cent. Since a pressure 
of 100 psi involves 7.8 compressions (at sea level) or a final 
volume of only 12.8 per cent of the original, it is evident that, if 
the compressed air cools to compressor-intake temperature, con¬ 
densation will take place with any original relative humidity 
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greater than 12.8 per cent. It happens, however, that during 
compression air temperature rises rapidly. With each 20 F rise 
the capacity for holding moisture almost doubles. For example, 
free air at 60 F compressed to 90 psi without cooling (adiabati- 
cally) has a temperature well over 400 F. In consequence of 
this increase in temperature, the air’s capacity for moisture 
doubles so many times that the total moisture is easily retained 
and the air has a fairly low rel¬ 
ative humidity when leaving 
t^ compressor. 

'^Moisture Volume.~WTien 
the mixture of air and vapor 
enters a compressor the vapor 
again behaves like any gas, i.e.y 
it is compressed adiabatically 
with the air. The vapor then 
becomes in every sense a steam 
gas; at the end of compression 
it is highly superheated, and 
only by reducing its tempera¬ 
ture can the vapor be deposited 
as water. Conversely, when 
compressed air containing this 
vapor is used in any mechanism 
where it is expanded, the vapor 
is expanded adiabatically, a temperature reduction takes place, 
and a portion of the steam condenses. It is this condensation 
which causes so much annoyance in air-operated tools. 

The amount of vapor that any volume of air contains can be 
calculated from the following simple formula: 

V, == ^ (volume of vapor) (20) 

where F, = cu ft of vapor at pressure P- 

F = cu ft of air and vapor at pressure P. 

P = pressure of air and vapor psi abs. 

P, pressure exerted by vapor alone psi abs. 

Thus, if the mixture is saturated, P, * the pressure of saturated 
steam at the temperature under consideration, obtained from a 
steam table. 



Temperature, Deg.H 


Fig. 403.—Vapor in air at different 
pressures and temperatures. {Cour^ 
tesy of Power,) 
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The weight of vapor present will be F X D, where D = the 
weight of vapor per cubic foot, and if the air is saturated, D = the 
weight per cubic foot of saturated steam at the temperature in 
question taken from a steam table. Thus, if the temperature is 
80 F, the pressure exerted by the vapor is 0.5069 (Table 39). 



Fia. 404.—^Weight of vapor at atmospheric pressure and various humidities. 
{Courtesy of Power.) 


The volume V, of vapor in 1,000 cu ft of air, according to Eq. 
20, is 


1,000 X 0.6069 
14.7 


34.4 cu ft. 


The volume of vapor per 1,000 cu ft of air at atmospheric pres¬ 
sure when saturated is given in Fig. 403. The weight of water 
vapor, at different relative humidities and temperatures, is 
shown in slig. 404, From these diagrams we can determine 
exactly how much vapor enters a compressor with the air. For 
instance, if air saturated with vapor is taken into a compressor at 
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80 F, 1,000 cu ft of air will contain 1.6 lb of vapor. If the humid¬ 
ity is 70 per cent, the amount of vapor will be 0.7 X 1.6 = 1.12 
lb (Fig. 404). 

As the capacity of air to hold moisture diminishes with an 
increase of pressure and increases with a rise in temperature, we 
can expect no moisture precipitation in the air as it leaves the 
compressor. If the compressed air could be used hot, as it comes 
from the compressor, there would be ver 3 ^ few water troubles. 
In actual practice, cooling takes place in the air receiver and 
pipe lines, and, in accordance with the principles previously 
stated, the moisture condenses as soon as the air reaches its 
dew-point tempf^rature. 

v'Cool the Air Immediately.—Since cooling causes moisture to 
condense, good practice dictates that this cooling take place 
immediate^" so that condensed moisture can be removed before 
the air reaches the distribution system. Water-cooled heat 
exchangers connected in the compressor discharge cool the air. 
The condensed moisture flows to drain pockets where it can be 
removed by automatic traps or by hand-operated drain valves. 

The upper half of Fig. 405 shows water accumulation in gallons 
per hour for a moderate-sized unit under average summer condi¬ 
tions. The lower half shows how adding an aftercooler eliminates 
the greater portion of the moisture. Cooling must extend mate¬ 
rially below the dew-point temperature to condense moisture and 
allow water to be separated from the compressed air before it 
enters plant lines. 

In two-stage compression the air is cooled between stages (Fig. 
406), principally because of the power saving thus obtained 
(Fig. 383), but the moisture-removal feature of intercooling 
should not be overlooked. A well-designed intercooler removes 
considerable moisture even though it operates at an intermediate 
compression stage under low pressures. 

The operation of these coolers can be explained by referring to 
Fig. 407. (This set of curves, although theoretically not accurate 
under certain conditions, gives results sufficiently correct for 
practical purposes.) Zero gage pressure means atmospheric or 
corppressor-intake conditions. The curves either intersect the 
vertical zero-pressure line at the left or have the intersection- 
point value marked at their upper end. Each curve shows the 
quantity of water vapor in 1,000 cu ft of mixture at lOO 



432 


AIR COMPRESSORS 


per cent relative humidity or saturation, before and after it its 
corppressed. 

^^oisture Content after Compression.—Assume a compres¬ 
sor intake of 80 F with 70 per cent relative humidity (Fig. 



/n/ef air of 80F, 70% rthlive humtciiiy Frachcally all of originate- 

77,000cu ft per fmr carries S 50 gal of water moistur^ passes into ^stem 





Fig. 406.—Typical moisture conditions in an uncooled and cooled air ssnatem. 


407). From the curve for 80 F and 100 per cent humidity, the 
water would be 1.58 lb per 1,000 cu ft. Then 70 per cent of 
1.58 = 1.106 lb per 1,000 cu ft. The intercooler pressure on a 
twoHsti^ unit will be about 28 psi with an assumed outlet tem¬ 
perature of 85 F. The air is of course saturated at the inter- 
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Tablb 42. —^Values of n and Properties of Various Gases 
All figures given are on the basis of 60 F and 14.7 psi abs 


Name of gas 

Symbol 

CpfCv 
== n 

Specific 
gravity, 
Air = 
1.00 

Molec¬ 

ular 

weight 

Lb, 
cu ft 

Cu ft, 
lb 

Boil¬ 
ing 
point 
at at- 
moB; 
photic 
pres¬ 
sure, 
F 

Criti¬ 

cal 

temp, 

F 

Criti¬ 
cal 
pres¬ 
sure, 
psi abs 


CiRi 

1.3 

0.9073 

26 0156 

0.06880 

14.534 

-118 

96 

910 


1.406 

1 000 

28 9752 

0.07668 

13.059 

-317 

221 

546 

Ammonia. 

NH» 

1.317 

0 5963 

17.0314 

0.04509 

22.178 

- 28 

270 

1638 


A 

1.667 

1.370 

39.944 

0.10565 

0.467 

-302 

-187 

706 

Beniene. 


1.08 

2.ai;53 

78.0468 

0.20640 

4.845 

176 

551 

700 

Butane. 


1.11 

2.067 

58.078 

0.15350 

6.514 

31 

307 

528 

Butvlene. 

C 4 H 8 

CO 2 

1.30 

1.9353 

1.529 

56.0624 

44.000 

0.14826 

0.11637 

6.7452 

8.593 

-109 

88 

1072 

Carbon disulphide. 

CSj 

CO 

1.20 

1.403 

2.6298 

0.9672 

76.120 

28.000 

0.20139 

0.07407 

4.965 

13.603 

115 

-313 

523 

-218 

1116 

514 

Carbon tetrachloride. 

ca4 

1.18 

5.332 

153.828 

0.40650 

2.4601 

170 

541 

661 


1.35 

0.4090 

Chlorine. 

CI 2 

1.33 

2.486 

70.914 

0.18750 

5.333 

- 30 

291 

1118 


CH 2 CI 2 

1.18 

3.005 

84.9296 

0.22450 

4.458 

105 

421 

1490 


CaHa 

1.22 

1.049 

30.0468 

0.07940 

12.594 

-127 

90 

717 

Ethyl chloride. 

Ethylene. 

CjHaCl > 
C 2 H 4 

1.13 ' 
1.22 

2.365 

0.9748 

64.496o' 

28.0312 

0.17068 

0.07410 

5.866 

13.495 

54 

-155 

370 

50 

764 

747 

Flue . 

1.40 

Freon (F-12).' 

C ClaFj 

1.13 

4.520 

120.9140 

0.31960 

3.129 

- 21 

233 

580 

Helium. 

He 

1.66 

0.1381 

4.002 

0.01058 

94.510 

-462 

-460 

33 

Hexane... 

CaHia 

1.08 

2.7395 

86.1092 

0.22760 

4.393 

156 

454 

433 

Hexylene. 

CaHia 

2.9201 

84.0936 

0.22250 

4.4951 

Hy<jb'ogen. 

Ha 

1 41 

0.06952 

2.0156 

0.00530 

188.62 

-423 

-400 

188 

Hydrogen chloride. 

Hydrogen sulphide.. 

HCl 

HaS 

1.48 

1.30 

1.268 

1.190 

36.4648 

34.0756 

0.09660 

0.09012 

10.371 

11.096 

-121 
- 75 

124 

212 

1198 

1306 

Iso-butane. 

C4H10 

CaHu 

1.11 

2.0170 

68.078 

0.15365 

6.6135 

14 

273 

543 

Iso-pentane. 

2.5035 

72.0936 

0.19063 

5.24611 

Metwne. 

Methyl chloride. 

CH 4 

C HiCl 

1.316 

1.20 

0.5544 

1 785 

16.0312 

50.4804 

0.04234 

0.13365 

23.626 

7.491 

-268 
- 11 

-116 

289 

672 

966 

Naphthalene. 

CioHs 

Ne 

4.423 

128.0624 

0.33870 

2.952 


Natural gas* (app ayg). 

Neon. 

1.269 

1.642 

0.6655 

0.6961 

19.463 

20.183 

0.05140 

0.05332 

19.461 
18 748 

—410 

-380 

-137 

-232 

98 

— 182 

389 

Nitric oxide. 

NO 

1.40 

1.037 

30.008 

0.07936 

12.605 

—240 

954 

492 

1053 

730 

485 

Nitrogen. 

Nitrous oxide. 

Na 

NaO 

1 41 
1.311 

0.9672 

1.530 

28.016 

44.016 

0.07429 

0.11632 

13.460 

8.595 

-320 

-129 

Oscygen. 

Oa 

1.398 

1.105 

32.000 

0.08463 

11.816 

-297 

PenUuie. 

CaHia 

CaHiOH 

1.06 

2.471 

72.0936 

0.19056 

0.24870 

5.248 

4.022 

97 

387 

Phenol. 

3.2655 

94.0468 

Propane. 

CaHs 

1.15 

1.562 

44.0624 

0.11645 

8.687 

- 48 

204 

632 

661 

1141 

3226 

Propylene. 

CaHa 

1.4505 

42.0468 

0.11116 

8.997 

— 62 

198 

315 

706' 

Refinery «b* (app avg). 

Sulphur otoxide. 

SO 2 

1.20 

1,256 

2.264 

64.060 

0.16945 

0.04761 

5.901 

21.004 

14 

212 

Water vi^por (steam). 

HaO 

1.33t 

0.6217 

18.0156 



* To obtain exact oharaoteristics of natural gas and refinery gas« the exact oonatituents must be known, 
t This n yaltte is at 212 F. All others are at 60 F. 
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cooler outlet. At this condition the curves indicate a water 
content of only 0 62 lb per 1,000 cu ft. The difference, 0 486 
lb, has been condensed in the intercooler. 

After compression in the second stage to 100 psi, the air con¬ 
taining 0.62 lb per 1,000 cu ft cooled in an aftercooler to 80 F can 
hold only 0.19 lb per 1,000 cu ft. Condensate amounts to 0.43 
lb per 1,000 cu ft. Therefore, in a two-stage 100 psi compressor 
under the assumed conditions, the intercooler removes about 
44 per cent of the initial vapor content and the aftercooier 



Fig. 406 —Adequate baffling of air space produces maximum cooling. {Cour¬ 
tesy of Bury Compressor Co ) 

removes an additional 39 per cent Only about 17 per cent of 
the original moisture will be carried into the air lines. On a 
single-stage compressor the aftercooler would condense the total 
83 per cent. 

Condensing moisture and separating it from the air solves only 
part of the problem. The condensate must be removed from 
the system. An automatic trap on each cooler and receiver is 
essential. Every effort must be made to prevent the condensate 
from going beyond the receiver. 

Good moisture removal requires that the air be cooled close 
to the temperature of the available water and this means that 
the coolers must be correctly designed. Necessary design 
features include (1) maximum turbulence, to give the air and 
water intimate contact with the tubes, and (2) a countercurrent 
flow of cooling water and air. On the shell side, turbulence is 
obtained by using baffles and orifices, the latter prevaating dead 
spots. On the tube side, velocities must be maintained id)Ove 
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thB critical value to ensure turbulent flow with maximum heat 
transfer. 

Countercurrent flow is obtained in one shell as illustrated in 
Fig. 406, or in an aftercooler (Fig. 79) by using two shells in 
series. Each shell in the latter case has multiple water passes 
to keep the velocity above the critical. The basic circuit is, 
however, countercurrent. For both intercoolers and after- 
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Fig. 407.—Moisture content of saturated air at different pressures and tempera¬ 
tures. {Courtesy of IngersolURand Co.) 


coolers, using the coldest available water is most economical 
and produces the greatest moisture condensation. Figure 408 
shows an air-cooled intercooler. 

However, some compressed-air applications require more 
complete moisture removal. Such uses as enamel sprayihg 
(where a drop of oil or water will cause an imperfection), the 
transfer of milk or other liquids by air“ displacement, instrument 
control, and manufacturing processes are among those needing 
particular attention, 

IHfficulty in these restricted applications is most likely to occur 
when the atmoispheric temperature remains below the temperar 
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ture of available cooling water or when the piping is located 
outdoors and exposed to low temperatures. The solution 
involves installing a separator or filtering device, or special 
equipment such as dehydrators or refrigerating machines. 

Dehydrating Systems.—There are several commercially prac¬ 
ticable methods of removing excess moisture from air, all of 

them, of course, calling for an 
expenditure of energy. The prin¬ 
ciples on which they operate are 

(1) chemical drying or absorption, 

(2) refrigeration, (3) a compres¬ 
sion-expansion cycle, (4) combi¬ 
nations of the above. 

Chemtcal-drying Cycle .—The 
operating principle consists of 
compressing the air to working 
pressure in the main storage re¬ 
ceiver, then passing it through a 
chamber containing a dehydrating 
material, such as activated alumi¬ 
na or silica gel. 

Silica gel is a glassy, granular 
material having an appearance 
very much like clear quartz sand. 
It is porous and can take up an 
amount of water equal to 40 per 
cent of its own weight and still 
appear dry. The gel is supported 
in shallow trays called gel beds, 
through which the compressed air 
travels. As it flows through these 
trays it is dehumidified, i.e., the water vapor is adsorbed and 
condenses in the pores of the material. The amount of water 
removed depends on the air flow and quantity and condition of 
the active material. 

By proper proportioning it is possible to obtain an extremely 
low dew point. As the saturation point of the adsorbing mate¬ 
rial is approached, it may be reactivated by drying in an oven 
or by passing large volumes of heated air (about” 300 F) through 
it until the exit temperature equals the entering-air temperature. 



Fig. 408 —Finned tubes serve as 
an air-cooled intercooler. {Cour¬ 
tesy of Sullivan Machinery Co.) 
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To avoid interruption of the air supply during the reactivating 
process, a duplicate dehydrating system is used so that one will 
pass air while the other is being dried out. 

Refrigeration-drying Cycle .—In this system the air is com¬ 
pressed to working pressure, then passed through coils cooled by 
any suitable commercial refrigerating system. Precipitated 
water is blown off. Referring to Fig. 409, if air at a working 
pressure of 250 psi has a temperature of 35 F (A), its moisture 



Fig. 409.—Saturation occurs with lower moisture content, as pressure increases 
if temperature is held constant. {Courtesy of Power.) 

content will be 0.019 lb per cu ft (B), and the temperature at 
exhaust to atmosphere would have to drop to —25 F (C), before 
ice would be precipitated. For indoor installations the tempera¬ 
ture is certain to be higher than the 35 F dew point, which would 
eliminate possibilities of precipitating moisture in the pressure 
system. 

Compression^expansion Cycle .—From Fig. 409 it is evident 
that at any temperature the moisture content falls as the pres¬ 
sure rises. It is practical then to use a compression-expansion 
cycle' in which the air is compressed to a point where the dew 
point is lower than the temperature to be met in use. Then 
drain off the excess moisture and finally reduce to the working 
pressure. For example, if the air is to be used at 350 psi, com¬ 
pressing it to 1,000 psi, cooling to 75 F, draining the precipitated 
water, and reducing to 350 psi will permit approximately a 30 F 
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drop at working pressure and almost a 100 F drop at exhaust 
to the atmosphere before further precipitation occurs (dotted 
lines D, and C). The energy cost of drying the air lies in 
compressing it to a higher pressure, then expanding to the work¬ 
ing pressure. Figure 410 shows the piping arrangement for the 
250 psi method. 

Combined Cycles ,—The cycles enumerated may be combined 
in several ways to extract moisture from air and make it safe to 
use at lower temperatures. One successful arrangement (1) 
compresses the air to higher than working pressure, (2) passes it 
through refrigerating coils, (3) drains off the precipitation, and 
(4) reduces it to working pressure. 

Another combination (Fig. 411), used to supply air-operated 
circuit breakers, offers the advantages of chemical adsorption 
with the least amount of material and long periods between suc¬ 
cessive reactivation. The steps are: (1) compress the air to 
higher than working pressure, (2) drain off the precipitation, (3) 
reduce the air to working pressure, (4) pass it through an adsorp- 
unit. 

v^^^oisture Will Cause Loss of Work.—How does the moisture 
in air affect work done by the compressor? It has already been 
shown that vapor must be compressed the same as air; therefore, 
the work required to compress the vapor must be considered as 
lost work, since eventually practically all the vapor is deposited 
as water in the intercooler, aftercooler, or pipe line and does no 
work in the tools. 

For instance, assume 1,000 cu ft of air entering the compressor 
at 80 F and 70 per cent humidity. The vapor (Fig. 403) will 
occupy 0.7 X 34 = 24 cu ft at 70 per cent humidity. This is 
equal to 2.4 per cent of the total volume of 1,000 cu ft. In other 
words, the volumetric loss due to vapor is 2.4 per cent. If 
compression takes place in one stage to 100 psi, the work required 
to compress 24 cu ft of vapor will also be 2.4 per cent of the total 
work, or the part wasted in compressing the vapor. If com¬ 
pression takes place in two stages, the loss is smaller because the 
vapor removed by the intercooler does not have to be com¬ 
pressed in the high-pressure cylinder. 

This loss is sometimes overlooked. It is important that air 
be taken into the compressor at as low a temperature as possible 
so that a greater weight of air is compressed with a given amount 
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of power expended. In addition to this, less moisture bemg 
present will reduce the work lost in compressing vapor. For 
instance, if air is taken from a warm engine room at 100 F and 
laden with moisture, figures show that the loss in compressing 
moisture may be as high as 5 or 6 per cent of the total work done. 

Cooling Water Required by Water Vapor.—Finally, there is 
one other point to be considered in connection with moisture in 
the air, i.e., what percentage of the total water supplied to the 



Fig. 410.—Equipment required for the compression-expansion cycle of moisture 
removal. {Courtesy of Power.) 

intercooler or aftercooler is used to cool and extract the vapor? 
Suppose, as before, air enters the compressor at 80 F and 70 per 
cent humidity, leaves the low-pressure cylinder, in a two-stage 
compressor, at 250 F, and is cooled to 80 F in the intercooler. 
The volume of air and vapor being 1,000 cu ft, the volume of 
vapor (Fig. 406) is 24 (70 X 35), and the volume of air is 976 cu 
ft. The air weighs 71.8 lb, and the heat extracted from it will 
be the weight multiplied by its specifilc heat, and by the reduction 
of temperature. That is, 71.8 X 0.237 (250 — 80) « 2893 Btu. 

The weight of the vapor is 1.06 lb. This must be cooled from 
250 F to 80 F, and as the specific heat of the vapor is about 0-^46, 
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the heat extracted will be 1.106 (250 — 80) 0.46 = 87 Btu. To 
this must be added the latent heat of the 0.48 lb of vapor that is 
actually deposited in the cooler. The latent heat of steam at 



Fid. 411.—Semiautomatic compressor equipment using the oompre 8 sion*e 3 q?an- 
sion cycle followed by chemical dehydration. {Couriesy of GenertU Electric Co,) 


this pressure is 1,046, which, multiplied by 0,48, gives S02 
Btu, The total heat, therefore, given up by the vapor will be 
87 502 589 Btu, The total heat removed by the water 

^ be 2893 + 589 «= 3482 Btu. In other words, of the total 
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heat extracted, 589 Btu, or 16.9 per cent, is taken from the 
vapor. 

Calculating Pressure Drop in Pipes. ^—Computing pressure 
drop in a constant-diameter pipe carrying a liquid is a familiar 
problem that is easily solved. The corresponding problem for a 
gas, however, is much more diflScult, being complicated by the 
var 3 dng specific volume, and hence the varying velocity of fluid 
flow. To simplify gas-flow problems, use the expression for a 
liquid, and then modify it by a suitable correction factor to give 
the correct result for gas. The followng explanation (see Table 
40 for symbols) shows how to do this for the flow of a gas at 
constant temperature with negligible change in kinetic energy. 
A large proportion of practical problems, such as those involving 
long pipes, fall into this class. (See Table 40 on page 424.) 

The familiar expression for pressure drop in a horizontal pipe 
carrying a liquid is 


The pressure drop can be calculated if J, d, F, v, and the viscosity 
of the liquid, are known. Proceed by calculating the dimen¬ 
sionless ratio Reynolds number, obtain the friction factor / from 
the chart (Fig. 412 and Table 41), and then use Eq. (21). 

The corresponding expression for the flow of a gas at constant 
temperature in a horizontal pipe is 


Rearranging the terms puts Eq. (21) and (22) in more directly 
comparable forms. Dividing Eq. (21) by pi gives the expression 
for liquid flow 


Pi - Vi ^ ^ 2 

pi 2gdpiv 


(23) 


Dividing Eq. (22) by pi® and rearranging gives the expression 
for gas flow 

Equations (23) and (24) can be compared for identical values of 


* SUl, A. 8., Jr. and R. C. Bmder, Power, August, 1943, p. 09. 
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the factor B. It becomes apparent then that if B, the ratio of 
pressure drop to entrance pressure, is computed by the commonly 
used formula for liquids, the correct value of this pressure-drop 
ratio for a gas under the same entrance conditions is simply 

1 - Vl - 2B. 



1000 10,000 100,000 1,000,000 10,000,000 

Reynolds^ Nuffiber 


Fig. 412.—Pipe-friction relation to Reynolds’ number for pipes of different 
material. Curve numbers refer to pipe sizes and materials in Table 41. (Data 
from “The Flow of Fluids in Closed Circuits,” by R. J. S. Pigott, Mechanical 
Engineering, August, 1933, p. 497.) 


Figure 413 shows the pressure-drop ratio for gas flow in rela¬ 
tion to the pressure-drop ratio for liquid flow. There is not much 
difference between the liquid and gas relations for values of 
(n — ^ 

———— below 0.1. The difference becomes greater, however, 
at values of the pressure-drop ratio above 0.1. For example, 
for a liquid value of ^ s; 0.30, the corresponding gas 

Vftlue of is nearly 0.37. Determine the pressure drop 
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for isothermal gas flow by first using the simple relation for liquid 
flow, and then referring to Eq. (24) or Fig. 413. 


Example .—Compute the pressure drop in a horizontal 6-in. smooth pipe 
10,000 ft long, carrying air. Flow is at a constant temperature of 59 F. 
Pressure and velocity at the entrance are 20 psi abs and 10 ft per sec, respec¬ 
tively. The specific volume v — 9.6 cu ft per lb. 



Fig. 413.—Relation of pressure-drop ratio for constant-temperature gas flow to 
pressure-drop ratio for liquid flow in long horizontal lines. 


Solution .—To determine the friction factor, first compute Reynolds 
Vd 

number Nr «= —• Reference tables or charts' give a value of 
^ pgv ^ 


Then 


p =* 3.723 X lO"'' lb-sec per sq ft. 


Nr 


10(A) 

(32.2)(9.6)(3.723 X lO'*) 


4.23 X 10< 


Fie^re 412 gives a pipe-friction factor of 0.022 for this Reynolds number. 
Thus 

flV» 0.022(10,000)(10)» 

igdpiv 2(32.2)(A)(i»)(144)(9.6) 

' Croft, H. O,, “Thermodynamics, Fluid Flow and Heat Transmission,“ 
p. 303, McGraw-Hill Book Company, New York, 1938* 
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If single tt9m, multiply cu. ft. actual capacity free gas per 


minute by 1440 to obtain capacity in-million cu. ft. per 
24 hours. Then capacity in 24 hours times hp. per 
million as obtained from the chart will give the total 
horsepower. -|- 

if two stage, take square root of total number of I > > 

compressions. Read the hp. from chart for . 
this ratio, multiplying same by 2 for the two i 1 
stages, to which add 3% for cooler loss. 

Note hp. is for 14 4 abs. intake. If hp. j_ 

is wanted based on capacity at 14.7 
abs., add 2% to hp. 
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If the fluid were a liquid, then - — - would equal 0.247. Entering the 

chart (Fig. 413) on the horizontal scale at 0.247 and proceeding to the curve 
gives the value of 0.289 on the vertical scale. Bear in mind that the curve is 
based on flow at constant temperature in a horizontal pipe. This latter 
value is the correct ratio of pressure drop to entrance pressure for air flow, 
that is 

■= 0.289 

p, 

Therefore, the final result is pi — pt ^ (0 289] (20) = 5.78 psi. 
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A 

Absolute pressure, 14 
Absolute temperature, 14 
Accessories for compressor, 81 
Acid, use of, for removing scale, 
249, 250 

Actual capacity, 12 
Actual horsepower, 03 
Adiabatic compression, 16, 398, 399, 
414, 421 

horsepower of, 57 
Aftercoolers, 88, 89 
bypass for, 209 
cleaning of, 250, 251 
cooling effect of, 201, 202 
double-pass, 88 
effect on moisture in air, 206 
evaporative, 91 
location of, 209 
mounting, 93 
single-pass, 88 
Air, composition of, 396 
conditions of, 401 
confined in intercooler, 60 
cooling 2 F above water, 90 
dirt in, 81, 83 
dry, 417, 418 
dry delivery, 87 
effect of heat on, 69 
evaporation in, 419, 420 
free, 107 

heat entropy chart, 423 
heating, 69 

horsepower for compressing, 207, 
208, 210 

intake, irt in, 202 
internal energy of, 400 
loss of, through trap vent, 98 
and moisture, 418 


Air, piping systems, 94 
precooling, 87 
receivers, 81, 92 
restriction to flow, 27 
temperature, effect of, on capac¬ 
ity, 173 

temperature enthalpy curves, 106 
turbulent flow, 90, 91 
weight and volume curve, 418 
weight of, 415, 416, 421 
Air constant, 404 
Air-cooled compressors, 14 
Air-indicated horsepower, 14 
Air preheater for gas turbine, 371 
Air slip, 292 
Air volume per lb, 397 
Air washers, 85 

Aligning rotating machines, 381 
Alignment, axial and radial, 388, 389 
difficulties of, 166, 167 
drilling pillow-block holes, 350 
driving motor, 171, 172 
of three-bearing machine, 381 
Altitude, effect of, 60 
on reexpansion, 60 
pressure at, 420 
weight of air at, 421 
Angle compressors, 10 
Atmosphere, humidity of, 85 
Atmospheric line, 125, 127 
Atmospheric pressure, at altitudes, 
14 

Axial-flow compressors, application 
of, 355 

dismantling of, 379 
efficiency of, 357 

mechanical details of, 357, 362, 
363 

operating characteristics of, 356 
447 
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B 

Balance piston, 312, 313 
Barometer readings, at altitudes, 14 
Bearings, adjustment of main, 237, 
243, 244 
ball, 45 

ball section, 291 

checking clearance, 384 

connecting rod, 43, 44 

crosshead, 41, 42 

install oil seals for, 245, 246 

journal, 328 

lubrication of, 47, 135 

main, 44, 45 

mounting in place, 290 

oil seals for, 135 

oil temperature in, 329 

projected area under strain, 47 

removing ball, 354 

roller, 45 

shaft seals at, 237, 238 
shell, 45 
split-block, 45 
tapered roller, 245 
thrust, 286, 324-327, 330-333 
tight ball race, 280 
two-impeller unit, 292, 293 
Bellows-operated valve lifter, 107 
Belts, adjustment of, 172, 173 
elimination of maintenance of, 72 
loss in driving, 67 
Bends in shafts, 382, 383 
Bent shaft, checking for, 386 
Booster compressors, horsepower of, 
62, 63 

peak-load curves, 63 
Boyle^s law, 401, 403 
Brake horsepower, 14 
Bulkheads, cooler, 91 
Bushings, valve, 51 

C 

Cam, inlet valve, 111 
Capacity, actual, against displace- 
m^t, 60 


Capacity, of compressor, determin- 
^ ing, 412 

effects of intake temperature on, 
406, 411, 412 

floating between steps, 122 
increase with speed, 61, 62 
install adequate, 71 
receiver, 92 

sliding-vane compressor, 265 
Carbon, 81, 83 

in bronze bushings, 255, 256, 261, 
262 

deposits, 200 

valve deposits, 144, 146, 147 
Centrifugal compressors, application 
of, 313, 314 

automatic blow-off for, 341 
capacity range of, 311 
characteristics of, 310 
classification of, 310 
cooling arrangements for, 313, 
339 

double inlet, 312 
efficiency of, 357 
heating at start, 343 
impeller wheels for, 310 
initial starting, 343 
installing, 340 
load control for, 332-340 
maintenance of, 351 
mechanical details of, 321-323 
multistage, 312, 313 
operating principle, 314-320 
operating range, 318 
paralleling, 349, 350 
performance curves, 319, 320, 322 
pressure-velocity characteristics, 
316 

pressure-volume relation, 317 
uncooled, 312 
water cooled, 313 

Centrifugal unloaders, operation of, 
132, 133 

Charles’s law, 402, 403 
Check valve on traps, 98 
Chemical drying, 4^, 440 
Clamps, homemade, 383-366. 387 
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Classification of compressors, ac¬ 
cording to method of connection 
to driving unit, 1 
according to method of driving, 1 
Clearance, abnormal cylinder, 58 
adjusting piston, 239, 240 
cylinder-pocket, 121 
cylinder volume, 54 
effects of gasket thickness on, 291 
five-step control for, 124 
Clearance, lobe end, 291 
between lobes, 291 
output loss from, 55 
in per cent of stroke, 56 
piston, 28 

tramming for, 229 
piston-ring joint, 33 
between ring and groove, 30 
tramming piston rod, 41 
unloading, 109 

Clearance air, reexpansion of, 59 
Clearance valves, 119 
operation of, for initial run, 196 
Coal, cost of, 71 

Comparison of output of single- and 
two-stage machines, 56, 57 
Compressing air, horsepower curves, 
444 

theory of, 396 
Compression, adiabatic, 16 
hydraulic, 390 
isothermal, 16 
kinds of, 398 
normal line of, 63 
ratio of, 56, 57, 413, 414 
at altitudes, 60, 61 
Compression constant, 407 
Compression curves, 399, 400 
at two intake pressures, 421 
Compression efficiency, 13 
Compression-expansion drying, 437, 
439, 440 

Compression lines, adiabatic, 64 
effects of clearance on, 125, 127 
effects of cylinder size on, 64 
isothermal, 64 
jnd|;ing, 64 


Compression ratio, 12 
curves, 61 

effect of intake pressure on, 61, 62 
effect of throttled intake on. 111 
effect of, on mean effective pres¬ 
sure, 62 

raising and lowering of, 62 
Compressor, ac(;essorie8 for, 81 
air cooled, 14 
Arthur s, 391 

angle construction of, 9, 49 
axial-flow, 355 
booster, 62 

brake horsepower of, 13 
capacity test on, 214, 215 
centrifugal, 310 
cost of idling, 79 
double-acting, 9, 54-56 
double-duplex, 4 
drive, 48 

duplex, 8, 12, 65, 66 
elements, 16 
Elliot-Lysholm, 308 
free air handled in, 61, 62 
free-piston, 5 
gas-engine driven, 68 
gasoline-engine driven, 4, 51 
gasoline engine converted to, 70 
ideal, 54, 55 

internal-combustion - engine 
driven, 64 

leveling a reciprocating, 159-167 
liquid piston, 295 
load control for, 100 
location of, 154 
locomotive, 51 
motor driven, 121 
multicylinder, 8 
for oilless operation, 260 
operating cycle of reciprocating, 
54-56, 65 

operation of, 52 53, 81 
over-all economy of, 69 
portable, 10, 17 

reciprocating, trouble symptoms, 
207, 209-213 
rotary, 264 
aemiportable, 17 
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Compressor, shapes, 5 
single-acting, 6 
single-stage, 4 

sliding-vane characteristics, 264 

specifications, 16, 25, 27, 30 

steam-driven, 15, 49, 64 

Tayior\s, 393, 394 

test orifice, 214 

three-stage, 7, 8 

Trompe, 390 

two-impeller, 288 

two-stage, 2, 12, 49 

vacuum tests, 219 

V-angle, 6 

variable torque, 50 

vertical, 6 

vibration of, 154, 155 
water-cooled, 16 
work on moisture, 438, 439 
Compressor drive, belt, 48 
pulsating power, 49 
reduction gear, 48 

Connecting rods, aligning single- 
acting, 236 

alignment of, 168, 169 
bearings, 43 

bearing adjustment, 43, 44, 235, 
240-244 

bearing parallelism in, 242 
installing, 240 
marine, 4 
stretcher, 44 
types, 42, 44 
value of shims in, 243 
Control, constant speed, 107 
loading, 47 

oil-pressure failure, 137 
solenoid, 107 
Coolers, 87-88 
air 2 F above water, 90 
economy of, 89 - 
moisture drain for, 91 
tube nest division in, 91 
Cooling, air, 19 
olosed^system, 90 
intercooler, 57 
open-system, 91 
water, 19 


Cooling systems, 81 
cleaning, 249 

repairing leaks in, 251-253 
sliding-vane compressor, 271 
two-impeller unit, 295 
Cooling towers, 89-91 
pipe coils in, 91 
Cooling water, 9 
amount needed, 200, 201 
antifreeze for, 201 
discharge temperature of, 201 
effects of, if too cold, 206 
lack of, 201 

percentage used for condensing 
vapor, 439 

piping arrangement for, 184-186 
reusing, 91 

Cost, of coal for 100 cu ft of air, 71 
of electric current, 77 
first, compared to operating, 79, 
80 

of fuel oil, 73 
of gas, 74 ‘ 

of gasoline, 74 
of part-load operation, 134 
Coupling, checking each half, 384 
face alignment, 349, 381 
flexible, 48 
marked flanges, 51 
removing bolts, 382 
rigid, 48 

testing eccentricity of, 386, 387 
Crankpins, 44 

Crankshaft, crank spacing, 51 
Crossheads, metals, 41 
overspeed trip, 101 
pins, 42 

removing pins, 246, 247 
shapes, 40, 41 
«hoe adjustment, 41, 247 
shoe bearing metal, 42 
shoes, 41, 42 
trip rod on, 105 

Curves, power, five-step control, 
114, 124 

three-step control, 114, 124 
two-step control (on-off unload¬ 
ing), 114,124 
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Cylinders, action of steam and air, 
65-67 

alignment of, 168 
arrangement of, horizontal, 8 
tandem, 1 
vertical, 8 
barrel inserts, 19, 21 
boring and refinishing, 19 
clearance in, 109 
design of, 17 
dirt in jackets, 205 
distance piece for, 260, 261 
head bushings for, 255, 256, 261, 
262 

head gaskets for, 239 

hopper-jacketed, 15, 10 

jackets, cleaning, 186 

jacket water pressure for, 186 

lubrication for, 47 

metal for, 19 

movable head for, 103 

overhanging, 20 

ratio of, 58 

reboring, 19, 231 

relief valve for, 118 

removing heads, 231, 232 

removing liners, 230, 234 

repairing cracks in, 243, 251-253 

rust on walls, 205, 206 

scored, 81 

shapes of, 29 

tandem, 2 

temperature of, 209 

thermometers for, 191, 192 

thrust load on, 260, 261 

valve cross section in, 127 

walls of, 17, 18 

Cylinder head, adjustable, 109 
Cylinder ratio, calculating, 58 
effects of altitude on, 61 

D 

Dashpot imloader, 133 
Dehydrating systems, 436 
Devices, protective, 81, 99 
Dew point, 425 


Diaphragm, intercooler-unloader, 
130, 131 
life, 134 
unloader, 124 
valve lifter, 108 
weight-loaded, 110 
weight-loaded unloader, 109 
Discharge line, 175, 176 
pressure from pulsations, 254 
pulsations in, 176 
size of, 92 

thermometers in, 191 
Discharge valves, hand operated, 
314 

Displacement, 12 
single-stage, 56, 57 
Distance piece, 51 
Double-acting compressors, 11 
Drive, arrangements for, 48 
belt, 67 
costs, 70 
diesel engine, 76 
electric motor, 3, 77, 78 
gas engine, 76 
gasoline engine, 76 
internal-combustion-engine, 3 
selection of, 70 
steam engine, 73 
synchronous motor, 12 
Driving methods, electric motor, 1 
internal-combustion engine, 1 
steam reciprocating, 1 
steam turbine, 1 
Dry air, 417, 418 
Dry bulb, 425, 427 

E 

Economy of two-stage machine, 57 
Efficiency, axial vs centrifugal, 357 
compression, 13 
effect of load on, 121 
mechanical, 14, 67 
over-all, 14 

of synchronous-motor drive, 69 
two-impeller unit, 301 
of two-stage compressor, 57 
volumetric, 13, 54-59 
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Electric current, cost of, 77, 79 
Elliott-Lysholm compressor, devel¬ 
opment of, 308 

operating characteristics, 308, 309 
End play of shaft, measuring, 385 
Enthalpy curves for air, 106 
Equation, general, 408 
Evaporation, in closed vessel, 419, 
422, 424, 426 
rate of, 425, 426 

Expansion, movement of piston 
helped by, 56 

Explosions, causes of, 149, 150 
concentrated oxygen, 200 
prevention of, 150, 151 

F 

Filters, air, 187 
centrifugal, 82, 84 
cleaning, 85, 253 
effect of, on repair, 203 
felt cloth, 83, 84 
glass wool, 83, 84 
importance of, 81 
intake, 81, 82 
oil, 137, 187, 189 
perforated plate, 83 
porous stone, 97 
traveling curtain, 82, 85 
viscous coated, 83 
Flexible pipe connections, 352 
Flyball unloader, operation of, 119 
Flywheels, 49, 50 
assembling, 169, 170 
effects on power pulsations, 64 
shaft cross section for, 44 
size of, 51 
Foot-pounds, 400 
Formula, practical, 409 
Foundation, anchor bolts, 155-157 
bolt sleeves, 154-157 
concrete mixture, 157, 158 
formwork, 156 
grouting, 158 
grout mixture, 168 
material, 164 
temi^tej 154-156 


Foundation, vibration, 154, 155 
Frame, construction of, 46 
distance piece, 51 
points under strain, 46, 47 
strength of, 46 
Free air, 12 
functions of, 61, 62 
Free-piston compressor, 5 
Fuel, 71-75 
Fuel oil, cost of, 73 

G 

Gas, as fuel for compressor, cost of, 
74 

Gases, properties of, 433 
density of, 415 

Gasoline, as fuel for compressor, 
cost of, 74 

Gasolme engine, dirt in intake of, 82 
Gas turbine, 5 
efficiency of, 360, 361 
erection of, 370-374 
load control, 364 
mechanical details, 358, 359 
operating principle, 360 
shutting down, 376 
starting, 375 
temperature limits, 363 
thermal efficiencies, 372 
two-shaft unit, 373 
General equation, 408 
Governor oil system, gas turbine, 
369, 370, 378, 379 
Governors, 344, 346, 348 
air-operated pilot, 102 
air-pressure, 105 
automatic-cutoff, 101, 106 
bellows-operated, 115 
bourdon-tube, 115 
diaphragm-operated^ 115 
flyball, 102 
gas-turbine, 366, 367 
locomotive compressor, 52 
mechanical, 105 
oil pressure pump, 100, 102 
overspeed, 101, 106 
speed-r^^ulatiiig, 101 
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Governors, throttle valve, 105 
throttling, 101 
variable-speed, 102 

H 

Heat, effects of, 397 
expended in useful work, 406, 407 
from fast compression, 64 
Heat exchanger, for cooling, 89 
Heating, air, 54, 55 
Heat transfer from large cylinder, 64 
High temperatures, cause of, 148 
in locomotive compressor, 53 
Horsepower, air-indicated, 14 
brake, 14 
comparison of, 63 
curves for compression, 444 
effects of altitude on, 61 
factors affecting, 63 
saving, by two-staging, 57 
theoretical, 14, 57, 63 
unloading steps, 114 
Horizontal compressors, 10 
Hydraulic compression, adaptation 
of, 390 

Hydraulic compressors, system 
losses, 395 
test results, 392 
typical designs, 392-394 

I 

Impellers, 323, 324 
centrifugal force of, 311 
head generated, 311 
measuring clearance, 350 
removing, 354 
unbalance of, *311 
Impeller seals, 313 
Indicator diagrams, air cylinder, 55, 
66 

from discharge line, 176, 177 
effect of clearance on, 59 
for five-step unloading, 113 
how clearance affects, 125 
for inspection record, 64 
for line pubations, 253 


Indicator diagrams, from new ma¬ 
chine, 64 

from two-stage unit, 64 
Indicator, dial, 383 
Intake, cleaning and inspection, 175 
cleaning filters, 253 
corrossive gas in, 202 
danger of partial closing. 111 
filters, 81, 82 
glazed-tile, 171 
location of, 173, 174 
silencers, 81 
size of, 174 

temperature effects, 406, 411, 412 
troubles with rectangular, 175 
unloaders, 105 
unloader valve, 129 
Intake pressure, effects of, 416, 417 
Intercoolers, 15, 88 
best cooling-water temperature, 
59 

calculating air pressure in, 57, 58, 
203, 204 

cleaning, 186, 242, 250, 251 
double-tube, 89 
draining unloaded, 280 
effects on economy, 57 
expanding tubes in, 86 
moisture drain, 87 
moisture removal, 434, 435 
normal pressure, 203, 204 
reduction of total power by, 88, 
89 

tube cleaner, 240, 241 
unloaders, 118 

Intercooler temperature, effects of, 
on high-pressure cylinder, 60 
Intercooling, power saved by, 348 
Internal-comb\istion engine, energy 
dissipated in, 76 

Isothermal compression, 16, 398, 
399, 421 

horsepower of, 57 

L 

Leaks, effects of, on compression, 60 

Leveling, wire sag table, 166 



454 


AIR COMPRESSORS 


Line pulsations, effect of, on power, 

177 

Liquid-piston compressor, assem¬ 
bling, 303-306 
capacity of, 296, 297 
cone adjustment, 302 
dismantling, 302, 303 
initial starting, 299, 301 
locating trouble in, 301 
operating characteristics, 295, 298 
performance curves, 304 
rotor end travel, 304-307 
seal water for, 297 
Load control, 47 

centrifugal compressor, 332-340 
centrifugal governor for, 48 
clearance pocket, 48 
closed intake, 47 
compressor, 100 
open-inlet valve, 47 
time-delay governor, 48 
variations in, 100 
Load factor, 78, 79 
Locomotive compressor, checking 
valve lift in, 228 

removing reversing rod, 228, 229 
troubles in, 196, 197 
two-stage compound, 198 
Lubricating oil, specifications for, 
330, 331 

Lubricating system, gas-turbine 
unit, 368, 378, 379 
Lubrication, bearing, 47, 135 
crank pressure area, 145 
cylinder, 140 

cylinder feeding rate, 142, 145 
drilled channels, 45, 47 
drop feed, 279 
feed to intake, 141, 152 
force feed, 136 
gravity feed, 136 
inspection of cylinder wall, 199, 
200 

locomotive compressor, 52, 53 
oil characteristics, 138, 139, 143 
reciprocating compressor, 198, 
199,200 

«ight 14| 


Lubrication, for sliding-vane com¬ 
pressors, 272 

splash system of, 45, 47, 48, 135 
Lubricators, automatic oiler, 283 
filling sight-glass, 141, 281 
oil and water separator, 284 
oil economizer, 280 
for sliding vane compressor, 274 

M 

Main bearings, adjusting wedges, 46 
bronze inserts, 45 
dismantling, 46 
expansion, 45 
metals, 45 

shim adjustment, 46 
Measuring ring circularity, 32, 33 
Measuring ring tension, 33 
Mechanical efficiency, 10, 14, 67 
effects of belt drive on, 67 
effects of load on. 67 
Mechanical power, loss of, 56 
Metallic packing, identification 
marks, 39 
installing, 39, 40 
Mixtures, behavior of, 421, 422 
Moisture, in air, 85, 86, 418, 419, 429 
after cooling, 86 
after compression, 85, 86, 432 
capacity of air for holding, 428, 
429 

curves for air, 435, 437 
effects of compression on, 428, 429 
effects of, on compressor work, 
438, 439 

in compressed air, 206 
in receiver seams, 93 
properties of saturated steam, 419 
removal of, from air, 431, 432 
chemical drying, 436, 440 
combined cycles, 438 
compression-expansion cycle, 
437, 439, 440 
dehydrating systems, 436 
effects of cooling air on, 431,432 
refrigeration drying, 437 
in separators, 97 
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Moisture, requires additional cooling 
water, 439, 440 
traps, 81, 97 
Moisture saturation, 422 
Moisture vapor, weight of, 430 
Molecular speed, 396, 397 
Motors, drive alignment, 171, 172 
induction, 117 
pawls and camshaft, 124 
synchronous, 117, 119 
Multicylinder compressors, 8 
Multistage compressors, 11 

N 

N, values of, and properties of gases, 
433 

Nozzle tank, 215 

0 

Oil, atomized, 87 
compounded, 148, 152 
damage to hose, 87 
flashpoint, 144-147 
place to remove, 87 
selection of, 151 

specifications, 136, 139, 148, 150, 
151, 153 

for sliding-vane compressors, 
273 

steam-cylinder, 152, 153 
viscosity of, 142 
Operation, cooler, 88 
cost of, 71-73 

loading with empty receiver, 126 
locomotive compressor, 52, 53, 
196, 197 

three-step unloader, 128 
variable-speed unloader, 128, 129 
Operating characteristics, axial vs, 
centrifugal, 359 

Operating cycle, reciprocating com¬ 
pressor, 54r-56 

steam-driven compressor, 66 
Orifice, design measurements, 216 
Output of single- and two-stage 
machines, comparison of, 66,57 


Over-all efficiency, 14 
Overspeed governor, inertia, 105 
Over&peed trip, 337, 338, 346, 347, 
375, 377 

P 

Packing, adjustment of, 236, 237 
care on shutdown, 237, 238 
f care when removing, 232 
metallic, 68 
fitting, 236 
removing, 232 
piston rod, 38, 39, 235, 236 
ring joints, 233 
shaft seal, 237, 238 
sliding-vane compressor, 271, 273 
two-impeller shaft, 293 
Performance, reciprocating, 9 
Performance curves, centrifugal, 319, 
320, 322 

Pilot, hand trip, 112 
Pilot valve, air operated, 112 
electrically operated, 112 
locomotive compressor, 51 
manually operated, 117 
pressure adjustment, 116, 117 
solenoid operated, 110 
unloader, 110 

Pipe fittings, flow resistance of, 179 
Pipe friction, 442 
Pipe lines, leaks in, 183, 184 
pressure drop in, 174, 180-182 
slope of, 94 

water accumulation in, 94 
Piston, adjusting end clearance, 169 
adjustment for wear, 247, 248 
aluminum, 155, 257, 262 
defects in, 28 
box, 28 
built-up, 29 
checking wear, 239 
clearance, 28 
construction, 28 
diffiearential, 28 
displacement, 65, 56, 125 
double-acting, 28 
groove shoulders, 247 
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Piston, hollow, 8, 30 
leaks past, 60 
locomotive compressor, 51 
metals for, 28 
oil-cooled power, 68 
oil seal, 47 
relief holes, 29 
removing from rod, 233 
repairing grooves, 258 
replacing in cylinder, 232, 235 
ring details, 30 
serving two stages, 28 
testing ring leakage, 229 
truncated, 28 
trunk, 28, 233 
unloader telescope, 111 
Piston rings, action of bronze and 
cast iron, 36 
bakelite, 35 
bearing qualities, 36 
blow-by, 36 
bronze, 31, 35 
buckling, 33 
cast iron and bronze, 36 
characteristics, 31, 32 
circularity, 32 
clearance in groove, 30 
copper lead, 31 

counteracting groove pressure, 37 

end clearance, 54, 255 

figuring tension, 254, 255 

fitting carbon, 259, 263 

grooved and drilled, 37 

hammering tension in, 33 

heat conductivity, 31 

heat-treated tension, 33 

how to make, 254 

internal expander, 30 

joints, 30, 31, 33 

joint clearance, 33 

leakage, 33 

machining, 256, 257 

metals, 36 

milling out for tension, 33 
for oil-free air, 31-32 
one-piece, 30 
plated face, 37 
replacmg, 235 


Piston rings, scuffing, 36 
segmental-section, 30, 35 
side clearance, 33, 54 
for single acting, 30, 48 
snap, 30 
sticking, 33 
three-piece, 34, 35 
tin-bronze, 36 
two-cut, 258, 259 
two piece, 30, 33, 34 
types, 31 

wall thickness, 34 
wear, 82, 83 
white metal, 36 

Piston rod, bronze graphite glands, 
253 

crosshead connection, 38 
fibrous packing for, 39, 40 
fit of, in piston, 37 
floating, 7 
lock nuts, 38 
metallic packing, 38 
metals for, 37 
packing, 68 
removing, 232 
tail extension, 261 
Plunger-operated valve lifter, 108 
Pneumatic tools, horsepower curves, 
183 

Pockets, clearance, 109 
Ports, balancing, 51 
Power, 400 
consumption of, 10 
effects of altitude on, 60 
excess of, in steam cylinder, 66 
for running friction, 119 
Power pulsations, 64 
Practical formula, 409 
Prerotation vanes, 338-340 
Pressure, absolute, 14, 58 
action of receiver on, 92 
at altitudes, 420 
bearing, 47 
change in cylinder, 55 
constant delivery, 108 
constant discharge, 100 
Pressure, figuring intercooler, 58 
intercooler unloading, 131 
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Pressure, premature, 55, 3^, 404 
vapor, 425 
waves in system, 92 
Pressure drop, calculating, in pipes, 
441 

how to avoid, 182 
ratio of gas to liquid, 443 
Pressure switch, 101 
Pressure unit table, 401 
Prime mover, selection of, 71 
Protective devices, 81, 99 
Pumps, oil, 100, 102 

R 

Rates, electric, 79 
Ratio, cylinder, 58 
Ratio of compression, 413, 414 
Receivers, 120 
air, 81, 92 

ASME specifications for, 92, 178 
base for vertical, 94 
capacity, 92 
effect on unloading, 93 
at end of long lines, 92 
external protection, 93 
flanged openings, 94 
function of, 92 
head volume, cu in., 217 
installation, 178 
safety valve capacity, 176, 179 
screw openings, 94 
vertical mounting, 93 
volume cu in., 216 
Reciprocating compressor, breaking- 
in run, 195 

preparing for operation, 193 
test results on, 203 
trouble preventives, 203-206 
Refrigeration drying, 437 
Regulation, effects of receiver capac- 
ity, 93 

Relative humidity, 421, 422, 425- 
427 

Relay current, 117 
definite time delay, 117 
Reverse rotatioal, dimgers of, 342 
Bing metal, 30, 31 


Rings, checking end clearance, 229 
cutting step joint, 248 
end clearance, 231 
fitting to grooves, 230, 235 
installing wiper, 238 
ordering data, 231 
piston, 29 

single-cut leakage, 245 
wiper, 135, 136, 234 
Rod packing, metallic, 196 
Rods, reversing, 52 
stretcher, 15 

Rotary compressors, application, 
264 

classification, 264 
S 

Safety valve, 94 
Sagging shafts, 382 
Saturation, 422 
Seals, shaft, 277, 278 
Selecting compressor drive, 70 
Separators, flow direction change, 
94, 95 

impingement, 94 
for liquid-piston unit, 301, 304 
moisture, 81 
oil and water, 275, 284 
operate on condensation, 95 
remove heavy liquid, 95 
rotating impeller, 96 
with screens, 95 
velocity flow, 97 
whirling action, 96 
Shaft seals, 323, 325-329 
Shafts, counterweights, 44 
flywheel support, 44 
U-crank, 43, 44 

Shutdown, excessive pressure, 190 
high temperature, 190 
main bearing, 191 
oil failure, 189 
overspeed, 189 
Syilencers, intake, 81 
Silica gel, 436 

Single-acting compressors, 10 
Single-Btage compressors, 11 
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Sliding-vane compressor, assem¬ 
bling, 284, 286, 287 
bore shapes, 267, 268, 270 
capacity of, 265, 268 
cooling arrangements, 271 
coupling shear pins, 280 
dismantling, 283, 284 
efficiency of, 269, 290, 297, 298 
faulty operation, 282, 283 
floating rings, 270 
initial starting, 278, 279 
oil feed, 274, 275 
operating principle, 265-267 
rotor end clearance, 270 
running on closed intake, 280 
shaft packing, 271, 273 
shaft seals, 272, 277, 278 
spacer rods, 271 
unloading, 276, 277 
vacuum pump curves, 269 
vane wear, 270 
Soap solution, 221, 222 
Solenoid valve, on motor starting 
circuit, 126 
unloader, 110 

Specific heat, constant pressure, 406, 
411 

constant volume, 405, 409 
Specifications, for compressors, 16, 
25,.27, 30 

Speed, of locomotive compressor, 53 
varying to suit demand, 100, 101 
Speed reducer, alignment of, 372 
Split flywheel, 50 
Steam, properties of, 419 
Steam drive, cost of, in one plant, 75 
economies of, 75 

Steam engine, cross compound, 3 
Strainers, 81 
felt disk, 96 
Stretcher rods, 15 

Superheat, in presence of water, 422, 
426 

Superheated vapor, condensing, 424 
Surging, 321, 349 
Switches, mercoid, 109 


Systems, cooling, 81, 89-91 
undersized distribution, 92 

T 

Temperature, absolute, 14 
after compression, 106 
dry bulb, 425, 427 
effect of leaks on, 60 
effects on entering air, 59 
effects on horsepower, 59 
effects on volumetric, 59 
effects on weight, 59 
high-pressure intake, 58 
intercooler water, 59 
low-pressure intake, 58 
wet bulb, 425, 427 
Tension, piston ring, 33 
ways of producing, 33 
Tests, compressor plant, 78 
orifice discharge, 2,15, 217, 218 
Westinghouse compressor, 217, 
219 

Theoretical horsepower, 14 
adiabatic, 57 
isothermal, 57 

Tools, effects of water on, 87 
Tower, cooling, 89-91 
Traps, air binding in, 98 
air loss at vent, 98 
air vent line for, 98 
continuous discharge, 97 
float operated, 98, 99 
intermittent discharge, 97, 98 
inverted bucket, 98 
loss of prime, 98 

loss from continuous discharge, 98 
above main line, 98 
moisture, 81, 97, 120 
operation of, 97 
priming with water, 98 
snap-action float, 98, 99 
Tubes, intercooler, 86-88 
Tube sheets, gaskets, 91 
Turbine compressor unit, mechanical 
details, 359, 361, 368 
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Turbulence, air, 90, 91 
effect of baffles on, 90, 91 
water, 90, 91 

Two-impeller unit, application, 295 
driving gears, 290, 299 
driving units, 300 
lobe adjustment, 291 
operating characteristics, 288, 290, 
294, 295 

operating principle, 288, 289 
Two-stage compression, economies 
of, 400 

U 

Unloaders, belt driven, *ll3, 130 
centrifugal, 113, 132 
clearance, 102, 107, 110, 111 
constant speed, 101, 102, 107 
dual control, 101 
engine speed control, 128, 129 
five step, 113, 121, 124 
fly ball, 119 
inlet valve. 111 

intake control, 102, 105, 131, 132, 
134, 277, 287-289 
intercooler, 118, 120, 129 
interlocking, 125 
raultiunit, 116 
operation of, 277 
operation of intake, 105, 106 
percentage, 108 
piping for, 120 
pneumatic, 112 
polarized wiring for, 125 
practical application, 117 
pressure pilot. 111 
for sliding-vane unit, 277 
start-and-stop, 101, 118 
three step, 126, 128 
two-impeller unit, 292, 293 
weighted diaphragm, 109, 120 
Unloading, clearance valve, 103 
effects of empty receiver on, 126 
electropneumatic, 133 
free air, 128, 129 
ideal, 122 


Unloading, inlet bypass, 104 
inlet valve, 108, 109 
manual clearance, 104 
manually operated inlet valve, 103 
with motor drive, 121 
movable cylinder head, 103 
schematic of cylinder, 121, 126 
start-and-stop, 120 
three-step, 121 
time between steps of, 124 
variable speed, 128, 129 
various methods of. 111 

V 

Vacuum, cylinder unloading. 111 
on intake line, 27 

Valves, advantage of thin plates, 23 
air velocity through, 23 
area of, 24 

bellows for lifting, 107 
causes of, hot, 149 
check, 98, 133 
cleaning, 221 

clearance pocket, 103, 107, 109, 
119, 121, 126 

diaphragm, operated, 103, 108, 
117 

discharge, 54 

dismantling and assembling, 222- 
227 

efficiency of, 27 

energy to force air through, 27 

gaskets for, 223 

gas turbine bypass, 374 

hot covers on, 219, 220 

incorrect installation of, 209 

inlet bypass, 104, 109 

intake, 54, 103, 107, 121 

intercooler relief, 130 

knocks in, 205 

leaks, 60, 204, 220 

lift of, 25 

manual clearance, 104 
mechanically operated, 6, 21, 22 
pilot, 51, 102, no, 112, 115, 289 
piston operated, 118 
plate metals, 25 
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Valves, plate shapes, 22 
plunger lifter for, 108, 122 
poppet, 20, 111 
pressure differential across, 24 
pyramid box plate, 26 
relief, 118, 120, 129, 133, 134, 187 
reversing, 51, 52 
safety, 94, 172, 176, 187 
seat contact of, 25 
setting with indicator, 22 
slip, 25, 26 

solenoid operated, 112, 116, 123, 
125 

speed of operation, 26 
springs for, 24 
sticking, 81 

three-way, 110, 114, 118, 120, 131 
water control, 117, 130 
wear and repair, 20, 82, 83, 220, 
222 

Westinghouse adjustment, 226- 
228 

Vapor, superheated, energy in, 423 
water, 85, 86 


Vapor pressure, 420 
Vertical compressors, 10 
Vibration, change speed, 155 
Volume, change in cylinder, 55, 56 
of free air at various pressures, 412 
of free air at various temperatures, 
416 

Volumetric efficiency, 13 
effect of altitude on, 60, 61 
loss of, in single stage, 56 

W 

Washers, air, 85 
Water, cooling, 9 
turbulent flow, 90, 91 
Water-cooled compressors, 16 
Water legs, remove heavy liquid, 95 
in pipe lines, 95 
Work, 400 
Wet bulb, 425, 427 
Weight of air, effect of, on pressure, 
59 






